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A 'PORACT

The diffusion of time-varying magne -tic fields through conductors

is examined, and the quantitatve results are applied to pulsed-solenoids

to obtain the axial- magnetic fields produced-by these device.s. B3ased

upon these results a ~design procedurii is-established for simple pulsed

solenoids. A trial design and its experimental results are presented

for comparison with the theory.
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I. NTkRODUCTION

Experimental requirements for large magnetic fields impose major

difficulties which are increased. if high precision or field uniformity

is required. Continuous magnetic fields ont the order of i00,000 gauss

are conventionally produced by large, heavy field coils- or by expensive

superconducting magnetic systems. Field -coils present cooling problems,

and the working volume of superconducting magnets tends to be small and T

relatively inaccessible. If the magnetic field is--not required for continuous

measurements, an attractiVe possibility is a pulsed solenoid. This device

has a ratio of total volume to working volume as desirable as the super-

conducting magnet, but the working volume can be large since elaborate

cooling is not required. In addition, a pulsed solenoid is readily designed

and inexpensively fabricated if extreme field uniformity is not required.

One disadvantage of a pulsed solenoid is that when metallic vessels are

placed within the field, because the magnetic field is time varying,

electric fields are induced that produce currents in the conductors.

These currents in turn produce a magnetic field opposing the original

field, which means the net magnetic field within a metallic vessel is

less than one would expect for a d-c solenoid. These effects can be

described by a diffusion process of the magnetic field or in terms of

the "eddy currents" familiar in the electrical power field. This report

examines this reduction of the magnetic field within pulsed solenoids

and gives quantitative results useful for designing them.
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II. THEO OF M-AGITIC 1FELD DIFFUSION

A
This section describes the diffusion of pulsed magnetic fields through

metallic vessels placed within a solenoid. In all cases, the soleroids

are idealized ones in. which end effects are neglected; i.e., solenoids

are assumed to be infinitely long as are the mnetallic vessels. The object

is to determine the relationship between the thickness of the metallic

vessels and the resultant decrease of field within these'vessels.

A. DIFFUSION EQUATION'

The expressions governing magnetic field behavior may be found from

Maxwells curl equations:

VxB = i + pe 1

.x E = (2)

Consider linear, homogeneous, and isotropic media, where the conduction

current density is related to the electric field by Ohm's law,

i=aE . (3)

Finally, consider metallic media where the conductivity is sufficiently

large that the displacement current can be neglected with respect to the

conduction current; i.e.,

C /Ej <--(
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With these assumptions, Equations (1)., (2), and (3) may- be combined -to

give:

B

where the nomenclature indicates that each of the field- quantities satisfies

Equation (5) separately. Equation (5)is recognized as the standard form

of a diffusion equation and will ad-.quatelk desc-ibe the field behavior

within good conductors at least to millimeter- wavelengths.

the standa d wave equation is appropriate for the electric and magnetic

fields in regions outside of the conductors where the conductivity is zero.

Here, however, the discussion is limited to the case where operating

frequencies are sufficiently low and physical spacings in the transverse-

direction are sufficiently small that a finite velocity of propagation

need not be considered. Thus, for regions outside of condactors, the

following expressions apply:

2i rBi
V o . (6)

All that remains is to solve Equations (5) and (6) subject to the

appropriate boundary and initial conditions of interest. Since this is

to apply to pulsed magnets, it is the transient phenomena rather than the,

steady-state phenomena that are of interest. With this application and

the fact that Equation (5) is a partial differential equation in time
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and space, the solution of these expressions is zost siEmply accomzplished

by a Lap!:ce transform in time, thus let

= r e-Pt B dt (7.a)

ODf= Edt (7.b)

With the initial conditions tat all field cuantities are zero at and

before t = 0, the field equations reduce to

2- P =0 
(B.a)

in conducting regions and

[2] =0 (8.b)

in nonconducting regions.

B. SOLUTIONS FOR RECTANGULAR GEO,'STRY

It is instructive to consider first a very simple geometry for the

pulsed solenoid configuration, so that the mathematics is fairly simple.

Once the behavior in a simple system is understood, it is readily extended

to more complex (and more realistic) situations.
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7he first structuire considered i- sr- in -rigare 1.- A ~no e-t5iC

Met2al Slab of tZickness 2T is placed rdsay e tu lafoir.±i~tc CrrelltI sheets located as shcunn. The -,yscer. has ~rcaia.s eyabout x =0
2nl is linfii-ite in enxtent in both the y and z direc-&ions. In t2-s syste=mI of rectangular co-ordinates, -kuAtion (8) recxmes

2 0 (9-a)

~2 -o (9.b)

where

The tield quantities are related to each other byl the following exoressions:

de

dx

= 'y (1U.b)

dx



REGION 2 -REGION I

io M)

z 0 i 0 )

-T

Figure I. Schematic Structuare of Sin-le Pulsed Solenoid System in
Rectangular Co-ordinates.

The solutions of Equations (9) and (11) are easily found as follows

(the x, y, z subscripts are now dropped, and the subscripts 1, 2 added to

denote quantities in regions 1 and 2 shown in Figure 1):

for 0 < x < T:

j2 A e•r x + Be- rx  (12.a)

Ie Tx + B e-UX (12.b)

2= - Ir (A e trx _ B e-T x)  (1.2.c)
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for T <x < 2:

31=0 -3.a)

=-VPC +D (3.)

S= c(13.)

in F.-tions (12) 2:14 (13) t-- ca2t.ities A, B, C, D are constants of int-

gration. 1hese conet-als are found fron the boul=a cor~itions for the

contiviity of tangential field co onents across the. boundaries. Also,

frc s3-et-y co-asiderations it is clear that

~2I -0

from ;dich A -B. if wedenote the Iraplace transforn of i (t) byl J (p),

then the discontinuity in magnetic field at x = a is related to thefocnj current, as

jFinally, equating 13utos(2)and (L3c) establishes the constan:: A

and B, so that the magnetic field within the conductor is given by

cosh (X)
cosh (VT) (15)

021 = A o

The axial magnetic field as a function of time is given by the inverse

transform of Equation (15). A general solution could be obtained if the
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in ,rse transform is denoed by g(t),

g(t) = 2;df c :h(tT) (p; (16)

tken the .2zaetic field can be expressed as the con olution integral

t

B(t)= f i 0 (- g(u)du . (17)

0

This expression is convenient for any waveform considered for i (t), .and

te integrations are readily carried throu& for this simple examle.

iLter exapnles, how.ever, have sufficiently comlex inverse tra-nsforns

g(t) that it is simpler to calculate the magnetic field directly from

equations corresponding to 3quation (15) for each waveform considered for

i (t) rather than to make use of the convolution integral i Equation (17).

Thus, for varposes of comparison with later examples we deal with 3quation

(15) directly in this case.

Consider a rectangular current pulse, of height 10 and width to; then

I -pt)jo (P) = P -(l - e (18)

and from the inverse transform of Equation (15) at x = 0;

t3 (_,ln -(n+1/2) 2 t 0 <t] tit

n--O 2 (19)



and

Q L)f~)f(t-t t0) (032(t; 0-rO -- o) >%

saere f-(t) i given by t. expression in -quattio (19. if "e denote a

characteristic fre-ncy for this rectang-alar pulse v, were

t (21)
o a

then -guation (19) becomes

2t1- i ° I- 2 (). ( +12) 2 i 2  t

22( 2 '2

Y (n+1) a o (22)
n 0 2I

where

a T 1=-, 6 =- ,-

The rquantity 6 is recognized as the "'skin depth" for the particular con-

ductor at the characteristic frequency. It may be observed that the

expression in Enuation (22) does not converge rapidly for small values

of t or large values of a. Another former this expression may be obtained

by utilizing the Poisson summation formula, which results in

B2 (t) =2I (_i) n  Frfc (n + 1) a (23)

n= 0
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and converges rapidly near t =0. Of course, S3qatioc. (20) appses for

One other si._ .!e waveform for tbe forcing current is of interest:

a cur*rent Dmilse described by one-half of a sine--wave function. This uwIse

shape closely matches that easily obtained in practice, -e the rectangular

pulse is considered here for simplicity in co -ing various cases. For

the half-sine-ave current pulse, one obtains

(P) = 10 )D- - (24)
where I indicates that the imaginary t is o be taken. The result

for the magnetic field found again from Equation (15) at x = 0 is

i~t 2 0

B 2(t)- = AC° I. - 2n (_,)n  (n+) e 2
cosh(a4 V'21) n 2

(n + )212 + i2a

2
(25)

where t = Tr/w as before. Taking the imaginary part, as indicated, gives0

r cosh(c)cos(a)sin(wt)-sinh(a)sin(a)cos(wt)

BL2(t) = i + cosh2 (C) - cos2 ()

47T2 2 (_)n(n + 1/2) e- 2 2 ( - )

44 4 J (26)no (n + 1/2)n + 4Id

Both of these expressions apply for 0 < t < t , wheireas
0

B2(t) = f(t) + f(t-to), t > t0  (27)
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-here f(t) -s given b Er-ation (26).

Before ex g the mast expressions to see the behavior of the

axial ngnetic field with tive- and the thick.ness of the conductor, one

should consider another case with rectamninla geonetr, .Aich is ore

realistic than that just considered and would represent -- lniting condition

of cjylirArical geo=etry with a thlin-sheleld metal pi-pe inserted within the

solenoid. T.is case in rectangglar co-ordinates is shoun in Fig-ure 2.

For this case, ':uations (12) and (13) describe the fields in rieg-ions I

and 2, Anile the fields in legion 3 are described by

o'J3- (23.a)

£3 -P x (23.b)

* ~ 3 =G .(23.c)

In these ecuations the expression for the electric field is chosen so that

it is zero at x =0.

The constants are again determined by requiring continuity of the

tangential fields across the boundaries. Yhe result for the ma&,etic field

on the axi at x =0 is

3 = o cosh(t') + ( tc)sinh( VT)

This expression actually describes the magnetic field for the complete

region inside of the conductor since tne field is constant in this re..ion,

when a finite -rooagition velocity is not considered.

: -1I-
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REGION
/ REGION REGION i (t)

I0
V

,OUT xc Kb' I X=0 x

Figure 2.* Schematic Structure of~a. Pulsed Solenoid with a Thin-Walled
Conductor in Rectangular Co-ordinates.

For a rectangular forcing current pulse of height 1 0 and width t 0 9

Equation (18) applies, and the inverse transformation of Equation (29)

yields

2 nt
00 n 2a 2 i

l2_()_=__I_01_2__22 _ (30)

no cos(a n) 1+ Z t 2 n2
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0

where the quantity a is given by the transcendental equation,
n

I1

tan (an) (31),

an - (Y)

The nomenclature here has been chosen so that

lir an  n *

iIn1 M

If the width of the conductor is much larger than the wall thickness;

i.e., C > > 1, then
T

a n nn + nn Cnn ' n 0

Ti

For these conditions Equation (30) is approximated by

B(t) I °  1 C -2 _.-) n  2 (32)
=-- 2 2

The results for the hollow conductor for the second current waveform,

II

a half-sine wave, are not presented here. These are sufficiently complicated

i that it does not seem worth while to develop them, especially since no

qualitatively now phenomena arise over those exhibited by the solutions

in Equations (22), (26), and (30). if it should be desirable to calculate

the axial magnetic field in this case, one need only combine Equations (24)

and (29) and calculate the inverse transform.
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Figure 3. Axial Magnetic Field Versus Time for Rectangular Current Pulse
for Aectangular Geometry.

A typical plot of the axial magnetic field for the rectangular current

pulse is Shown in Figure 3. For this current pulse, the magnetic field

is always a maximum at t = to; i.e., at the end of the pulse. Thus on

this basis, the variations of the maximum magnetic field for both the solid

and hollow conductors is shown in Figure 4. In this figure the magnetic

field is normalized to AIo, which is the value that would apply under d-c

excitation of the solenoid. The case of the half-wave sine current pulse

is considered in detail in the next section where cylindrical geometry is

treated.
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1.00

I | \ \ CURRENT -

0.- WAVEFORM

0.6-
I-."

0.2

0 1.0 2.0", 3.0 4.0

a, CONDUCTOR THICKNESS RELATIVE TO SKIN DEPTH,

Figure 4. Relative Pea*-Aial Magnetic Field as a Function of Conductor
Thickness for Rectangular -System.

C. SOLUTIONS FOR CYLINDRICAL GEOIETRY

The use of cylindrical geometry in describing a pulsed solenoid system

is much more realistic than the rectangular geometry of the preceding

section, but the arithmetic associated with the cylindrical geometry is

far more complicated. The results of the preceding section provide a

useful guide, however, to the behavior that should be expected. Certainly

,I . . , . . =



. ~~REGIONW 2,RGOI

'z-OUT'-'r~ .
AA

Figure 5. Schematic Structure of a Simple Pulsed Solenoid. System in
Cylindrical Co-ordinates.

the same basic expression, in Equation (8) apply, and we again assume.

nonmagnetic conductors and an ideal, infinitely long magnet system that

is finite in the transverse direction.

Let us first examine a solid c6,ductor system as shown in Figure 5.

Assuming circular symmetry, the expressions corresponding to Equations (9),

(10), and (11) that apply are as follows"

1 dr d"L) - r = 0 (33a)
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I (NV'r dr Dr] [;~ (3.b)

1d(r(3')

II ":

dB (34.b)

where A
]P- (5

Appropriate choice of the conductivity o makes it. possible to distinguish

between fields inter-al and extcnal to the conductor.

* Following th, nomenclature and procedure of ths preceding subsection

gives two eauatior s- For 0 < r < T:

II At'
j2 (3 --l 'r 6.a)

92 =- At i (Mr) (36.b)

IL= A Io(rr) (36.c)

where solutions involving the modified Bessel function of 
the second kind

are omitted because of a pole at r = 0. For T < r < a:

J- = 0 (37.a)
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- -= ----- + -  ,

rC 1 D..- (37 -b)

i = c . (3?.c

Again, from the bourwary conditions for the field witbin the coiuctor,

6ne obtains

112 = Ajo 0 3-

which should be con.nared with Equation (15) for the rectangular case.

For the rectang-ular current pulse, Equation (18) applies, and the

inverse transform for the axial iagnetic field readily gives

.2

0 TI

-t
B2 (t) =PI 1- 2 , 0 < t< t 0  (39)

Ez bJ (b)
fr-1 n

and

B2(t) = f(t) - f(t - to), t > to  (40)

where f(t) is given by Equation (39). The new quantity bn appearing in

these equations is defined by

Jo(bn) = 0, n = 1, 2, (41)

W-18-



Equation (39) shIould be c.red directly -Aith t e equivlent form for

rectarr-g-al ge=etry given y Equation (22). An expression emparabie

to 33ation (23) th t converges r aidly for suali values of tie is not

readily obtaired directly l£ro Equation (39), since the Poisson smation

formla is wzt easily awlied.

If a ha1f-si e-ave current wlse is assumed, Equation (24) applies,

and gives for the axial sagnetic field

2

bi

Rt e~I -2 nl
Lut be 2 +i ~~ (42)

in n
0

When the iraginary Dart is taken, uation (42) becomrs

B2() -ber (a C2)sin~wt)-Jbei (a j12)cos(,ut)B2(t) =~ 0 0

. 2

+k2  b e ~.L 0 ~)

J (b) (b 4 + lc~

where

I (a/2i) =ber 0(a V-2) + i bei 0(a F2) .(44)

-19-



REGION I

REGIONZ'-

i! REGION 3 i  , / _

i -U Pf"rCi  rxb rza -r

Figure 6. Schematic Structure of a Pulsed Solenoid with a Thin-Walled.
Coiuctor in Cylindrical Co-ordinates.

Tre result in Equation (42) applies for 0 < t < to, whereas for t > t o

the form for Equation (27) applies.

A pulsed solenoid system with a hollow conductor is shown in Figure 6.

The solution for this system for the axial magnetic field becomes very

complex in detail, but the form of this solution is readily estanished.

For region 1 where b < r < a, Equation (37) expresses the field transform.

In region 2, for C < r < b, one obtains:

-2=  [A Il(tr) - BK1 (Vr)] (45.a)

-20-



A, 11 -C BKj(r (4-5.b)I ~ ~ ~ ~ e OIL A J)Lr 1I J

2 AIo(0  r) + BKo (V'r) (45.c)

In region 3, for 0 < r < c, one obtains:"

= o (46.a)J3 0

-r

- P 2 Gt (46.b)"

3 G .(46.c)

Again using the boundary conditions that the tangential field components

are continuous across the boundaries, we find

=~ 1(*vc)K(rc)'+ I 1(V-c)K(tc)3r/'V (47
03=  . (?

bcosh (tT)+ (- ) bsinh (CT)

In this expression the Bessel hyperbolic sine and cosine functions are

as follows:

bosh [Vt(bc)] I 1Vc [10 (V'b)Ki( 'c)+ I 1 ('Vc)YK.0 (fb(8v

bsinh r Vr(b-c)] V rc [1 0 (b)K 0( fc)- 1I(tc)K (Irbi
(48.b)

In Lhe limit of large arguments, the Bessel hyperbolic sine and cosine

functions asympotically approach the circular hyperbolic functions.

Also for large arguments the numerator of Equation (47) approaches one.

-
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Thus, for a hollow conducting cylinder with a large diameter, Equation

(47) apprcches the form of Equation (29).from the rectangular geometry

solution.

The tfm behavior of the axial magnetic field from Equations (39)

and (40) for the cylindrical case with solid conductor is very similar

to that for the -rectangular case illustrated in Figure. 3; that is, the

- maximum magnetic field still occurs at the end of the current pulse for

the rectangular current pulse. A comparison -of the maximum axial magnetic

fields between the solid cylindrical and rectangular cases, for a rec-

tangular current pulse is shown in Figure 7. The corresponding results

for the hollow cylindrical case from Equation (47) have not been calculated

Lhe small amount of additional information obtained from this expression

does not seem to warrant the gross additional complexities in calculating

the inverse transform. It is. expected that the peak axial magnetic

field for this situation will decrease about as rapidly compared to

the cylindrical soLid case as for the corresponding situation in rec-

tangular geometry shown in Figure 4.

Finding the peak axial magnetic field for the half-sinewave current

pulse is not as simple as for the rectangular pulse, since the field

peak is delayed from the current peak. In addition, the amount of delay

is a function of the conductor thickness measured in terms of the skin

depth. A few plots of the time behavior of the axial field for the solid

conductor from Equation (43) are shown in Figure 8. Figure 9 shows a

comparison between the rectangular and half-sine-wave current pulses

for the solid conductor in cylindrical co-ordinates.

-22-



1.0

CURRENT
0.81 WAVEFORM

0.6- RECTANGULAR
B CONDUCTOR

0

0.4
'LI O

CYLINDRICAL
CON DUCTOR

0.2-

0 1.0 2.0 3.0 4.0
a, CONDUCTOR TH!CKNESS RELATIVE TO SKIN DEPTH

Figure 7- Comparison of Axial Magnetic Fields for Solid Rectngular
and Cylindrical Gemetries.

It is interesting t observe from Figure 8 that the axial magnetic

field is initially negative for sufficiently thick conductors. This

simply means that for a given conductor thickness and for a fast enough

rise time for the primaiy magnetic field produced by the current pulse,

the secondary magnetic field produced by the integrated effects of the

induced currents is momentarily larger than the primary magnetic field.

The range of conductor thicknesses for which this occurs may be found

-23 -
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;I .0

t ,,RECTANGULAR
CURRENT PULSE

0.8

0.6- HALF-SINE-WAVE
B -CURRENT PULSE

P1t 0

0.4-

10.2 ,

0 1.0 2.0 3.0 4.0
a, CONDUCTOR THICKNESS RELATIVE TO SKIN DEPTH

Figure 9. Ca trison Betven Current Waeforu for Axial Magnetic Field
of Solid Cylindrical Conductor.

from Equation (43). The series in this equation is alternating since

J(bn) is an alternating function. In addition the magnitude of the

individual terms is monotonically decreasing. When the mnignetic field

is negative near t = 0, the derivative will also be negative; and for

positive fields the derivative will be positive. Thus, an estimate of

the value of a required to obtain a momentary negative field is found

-25-



by setting the derivative of Equation (43) equal to z ero, and using only

the first tern of the series; giving

ber) o

1L 0=2 2r .2.,--4 4dt ber (a r2)+ be0(a 2) J1 b c

(149)

and therefore, a = T/6'. 1.1. For this and larger values of a, the

axial magnetic field is initially negative.

D. DbIFFUSION EFCTS IN SOLENOID

In all the models of the pulsed solenoid system examined so far,

the assumption that the pulsed solenoid itself could be represented as

a current sheet has been used. However, if the solenoid is sufficiently-

thick, the magnetic field produced must diffuse through the metallic

solenoid to appear inside the solenoid. The decrement in axial magnetic

field in this instance will not be as serious as for a passive conductor

of the same configuration for two reasons:

1. The solenoid is not solid but consists of layers of wire or tape

with insulation and air gaps between layers.

2. The magnetic field produced by the outer layer must diffuse through

the entire solenoid, but the magnetic field produced by the inner

layer must only diffuse through itself.

The effect on the axial magnetic field may be established from the

preceding results in the following %ay. Consider a solenoid of equivalent

-26-
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JF

thickness T in the form of one of the conductors treated earlier. SupposeI

that this solenoid has no passive conductor placed on its axis. Then

the pulse current per unit width is approximately io(t)/T. If the axial
AT,

magnetic field produced by a current shell of io(t) T is denoted by

B(t,T), the total field produced by the compl-3te solenoid is

T
B (t) = B(t, u) du (50)

0 -

for eithzi the rectangular or the cylindrical geometry.

To provide as accurate an estimate of this effect as possible, the

-results for the cylindrical geometry case with hollow conductor should

be used in Equation (50). -As discussed briefly in Section C, however,

this case is so complex in detail that the calculation was not perforfed.

Of the other cases, perhaps the -best ones to consider in estimating the

diffusion effect of the magnetic field through the solenoid are the hollow

rectangular geometry and the solid cylindrical geometry. The first of'

these treats a hollow conductor while the second shows the effects of the

cylindrical geometry.

For the hollow rectangular geometry, consider the situation where

C/T is large. Equation (32)'describes the axial magnetic field, and

from Equation (50),

} s~t) I°  i T (t) _tTn it

--0o 2 t i C 22 t o

-27-



CD n 1 ntL 2 o 2a .
1_2a 0 + 1- - t "

N= r (51)

For the solid cylindrical geometry, Equation (39) applies, and

B(t)1= _l° { -2 1 e

"be -ft -re

' rt ( !it~~ (52)
V-2a 0t a V2t )

For both Equations (51) and (52) the rectangular current pulse was used.

A comparison. between the results- in Equations (51)' and (52) and those for

a passive conductor is made in Figure 10.

E. SUR AY AND EVALUATION OF CALCULATIONS

The behavior of the decrease in the axial magnetic as a function

of the different geometries is readily explained in terms of the induced

currents with the conductors inserted writhin the solenoidb. For the

rectangular geometry and the rectangular current pulse, the magnetic

Aeld is affected the least for the solid conductor; then as the width

of the hollow conductor increases, the magnetic field decreases further

and further. This is readily understood by realizing that the induced

current in the solid conductor is zero on the axis; whereas for a hollow

conductor of the same thickness, the induced current on the inner wall
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is, -not, zero. As a result the total opposing magnetic hteld produced by

the i.duced currents is larer for the hdllow conu-ductor than tor the solid.

A.similar argument applies to the solid and hollow conductors in the

c indri _al geonetry.

Corarson of the solid conductor cases in rectangular and cylindrical

geometries shows that the magnetic field decreases more slowly for the

cylindrical geometry. This is expected on the basis that as a result of

the curvature in the cylindrical geometry, the induced current decreases

more rapidly towards the conductor center than it does for the rectangular

geometry. This same behavior should be evident for the hollow conductor

cases until the diameter of the conductor becomes very large compared to

iLs width. in this event the curvature at the conductor is only slight,

and there will be little difference in the magnetic field calculated from

the rectangular or cylindrical geometry.

An estimate of the decrease in magnetic field for the hollow-cylin-

drical conductor can be obtained for the rectangular current pulse by

scaling the results in Figure 4 to those given in Figure 7. Such scaling

will tend to give a low estimate, since in the limit of large radius-to-

thickness ratio (C/T) both the rectangular and cylindrical geometries

will give similar results, as discussed in the previous paragraph.

The results for the half-sine-wave current pulse follow the same

trend with geometry as does the rectangular current pulse. The peak

value of magnetic field for a given peak value of current, however, is

slightly smaller than for the rectangular current pulse because the peak



current is maintained during the rectangular _ulse. The most. otable

difference is in the long tine delay between the cUr-Tent and magoetic

field peaks. Of seconday interest is the =omntarily negative gnetic

fields for sufficiently thick conducting described in the Section C.

Estimates of the peak magnetic fields for the hollow cylindrical conductor

are readily obtained by scaling of the results in Figures 4, 7, and 9.

The effect of magnetic field diffusion through the solenoid is not

nearly as serious as through a passive conductor as illustrated in Figure

10. The reason for this is discussed in Section C. A rough but workable

estimate of the decrease in the axial magnetic field for the hollow

cylindrical geometry can be obtained by applyirg the correction shown

in Figure 10. The results in Figure 10 for the cylindrical case will give

a low estimate because of the solid conductor.

It should be realized that a complete picture of the axial field

behavior in the cylindrical case even for an infinitely long structure

requires one step beyond those presented here. A hollow finitely thick

solenoid should be considered, and the field resulting from this should

be used as the exciting field for the expressions in 3quations (37), (45).

and (46). The resulting expressions, however, are very complex and

unwieldly, which is the reason for the piecemeal approach presented here.,

The complete problem of the finitely thick solenoid with a hollow

cylindrical conductor is perhaps best left for a computer solution, where

end effects could be included if desired: Without resorting to a computer

solution, the simple calculations made here give quantitative results

sufficiently accurate for a practical design.
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MI. MSIGN OF PULSE) SOMOIDS

The actual design of a plsed solenoid is straightforward, but it

involves a little triil and error. The exact starting point depends

on '4at inforztion is known and what rost be determined; e.g., a

_articular pulse current supply may already be available. The following

quantities are pertinent to the design:

B z peak axial .agnetic field desired,

B°  peak ,axi al magnetic field for d-c -excitation,

N z number of turns per inch for the solenoid,.

10 ; peak solenoid current in amperes,

t 0 z ulse current length,

Ls  self-inductance of the solenoid,

C ' equivalent capacity of the pulse circuit,

V0  charging voltage for the pulse current supply,

R ; equivalent series resistance of the pulse circuit,

f ; natural resonant frequency of pulse circuit,

1 = length of solenoid in inches.

It is assumed that the equivalent circuit of the solenoid and the current

pulse supply is as shown in Figure 11. For this case the results for

the half-sine-wave current pulse are appropriate.

In general, the design procedure is as follows, The peak axial

magnetic field desired would be known and the time duration of the pulse

would also be known on the basis of the intended use of the field; that

is, only a small region of the magnetic field pulse is usable depending

on the requirements for field variation with time. Thus, B and t are
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Figure 11. Equivalent .Circuit of Pulsed Solenoid and Powr Supply.

fixed, which in turn fixes the resonant frequency of the circuit in Figure

11lby
f 2 (53)

2t00

If the details of the conductor to be inserted in the solenoid are known;

i.e., dimensions and material, the decrease in the peak magnetic field,

resulting from diffusion effects is readily estimated from- Figures 4, 7,

and 9. As an aid in this process, the skin depth as a function of frequency,

1___ (54)

ir shown for copper and stainless steel in Figure 12. Then, as a first

estimate 10 - 15 per cent could be taken as the decrease in magnetic field
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B a ,gauss.()2

Also, the self-inductance of the solenoid is found: from the power supply

capacitance by

L 2

LS=t o. 0 (56)
,nO

The peak solenoid current is related to the charging voltage V -approxi-
0

mately as follows:

Rt

I - -3 11 (57)
Os

where it is assumed that the circuit resistance is sufficiently small

that it does not affect the resonant frequency. If this is not the case,

Equation (53)- fixes the-frequency, but Equation (56) must be replaced by

f2 1 (1 - RC) (58)
2nL sC Zi

and he axium urrnt scaultdro

and the maximum current is calculated from

-Rt Viot M =• 2Ls  (-) sin wt .(59)

All of the auxiliary information is now known about the solenoid

except for its dimensions and number of turns. The turns per inch N

can be found from Equation (55), and the self-inductance can be related

*to the dimensions (see page 443 of Reference 1) as follows

a 2 N 2 lo2 l 6(L Ls =  a O 8 (60)

9a + lO + 8.4T + 3.2 aa
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Figure 13, Dimensions of Pulsed Solenoid,

where the dimensions are defined in Figure 13. This expression applies

where the coil diameter is less than three times the length. A trial-

and-error procedure is required at this point to yield a consistent set

of values for N and L . Once this is done the results in Figure 10 can

be used to give a better estimate of the decrease in magnetic field result-

ing Irom diffusion effects within the solenoid, and an appropriate change

in the charging voltage V0 can be determined.

It is possible to increase the available axial magnetic field for

a given coil inductance by using a Helmholtz coil arrangement. In this

case the past results apply except that the total inductance of the two

oils in series must account for the mutual inductance between the coils.
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The coupling coefficient for various spacings between the two coils is

given on page 447 of Reference l.,

if the solenoid is to be operated on a low duty cycle it is possible

to apply very large peak pule currents. As an example, peak currents

of up to 3300 amperes have been applied using no. 14 copper wire for a

single-shot solenoid.- This is twenty times larger than the approximate

fusing current for this wire listed on page 55 of Reference 2.

One other aspect of the solenoid desiga which has not been Considered 4

is the mutual inductance between the pulsed solenoid and the conductor

on its axis. It is possible to calculate this effect from the results

of Section II, where this appears in terms of an electric field acting

on the solenoid to produce an added current component. However, this

effect has been neglected for the calculations presented herei
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-IV. DaUIENTAL PXSULTS

For purposes of comparison with some of the calculated results, a.

simple solenoid -was constructed. This consisted of 165 turns of no.

14 enameled copper wire wound on a 7/8-in. bakelite form. The wire was

wound in 5 rows to give a total winding length of 2.2 in. The nominal

winding thickness was 0.335 in. This solenoid had approximately a one-

inch working length and an inner diameter of 3/4 in. The turns per inch

were calculated as

N = 75 turns/in.

.The inductance for this coil calculated from Equation (60) was 291 ph.

This coil was to be used with a pulsed power supply whose nominal capaci-

tance was 360 Af, which from Equation (58) gave a ringing frequency of

approximately 491 cps. This meant a half-period duration of 1.02 msec.

The resistance of the coil was not calculated since it would be small

compared to the equivalent power supply resistance, for only low-Q capaci-

tors were available for the supply.

A schematic of the supply used for testing the coil is shown in

Figure 14. The rated maxyimum voltage which can be initially applied to

the storage bank is 3000 V. A special feature of this supply is the

provision for quenching the output current at the end of the first half-

cycle of oscillation, so that the output current does not simply decrease

to zero after oscillating for a number of cycles at the ringing frequency.

t This circuit was designed and developed by D. M. Stevenson.
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The :pul.ed solenoid current was rnor'*tored with a sefies resistance

in the form of a stainless steel strap with appropiate voltage indicating

points attached. With a d-c bridge the re stance of this strap oetween

indicating points was rMasqred tobe 0.01290.

The pulsed magpetic field-was measured with a small search coil

attac-a-d to a sirnle integrating circuit as shown in Fiu-e 15. Using

the reasared values of :resistance and capacitance gave a calibration

factor of 0.915 mv/kgauss for the device. It should be observed that

the integrating, circuit should have a time constant long compared to

t:he magnetic field pulse, if an accurate indication of the field pulse

as a function of time is to be obtainc -. For the circuit in Figure 15

this time constant is approximately 0.1 sec, which is much longer than

the 0.001-sec. field pulse.

An estirnate of the degradation in- the peak axial magnetic fiel;

can be ade -s follows. Estimate the equival-nt thickness of the solenoid

windings on the basis of the cross-sectional area of the wires alone;

i.e., tne area given by considering an area of solid copper equal to

the area of sun of the r "nd copper wires. The wire diameter for no. 14

wire is 0.064 in. Thus, th- "oss-sectional area of one-half the solenoid

is

A (.o64) 165 = 0.531 in
2

For a solid mass of copper, the same area is obtained by a thickness

-'."'en by

S0. = 0.241 in.2.2
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Figure 15. Schatic of Circuit to Measure Pulsed Magnetic Field.

J where the winding length of 2.2 inches is used. From Figure 12 the skin

depti for copper at 500 cps is approximately 0.120 in.; therefore

4T = a= 2.0

for the solenoid, and

C = 0.47 1.85
T 0. 241 "

With these parameters, the ratio obtained from Figure 4 of actual to

ideal magnetic field fodr a passive rectangular conductor is approximately

0.16. If this is scaled to the passive cylindrical case by using Figure

7 this ratio becomes approximately 0.41, Then, using Figure 10 to

esli~nate the affect for the solenoid rather than a passive conductor,

gives the value of 0.86. These values are for a rectangular current

pulse. The peak magnetic field should be decreased slightly from this

value for a half-sine-wave current pulse, but it is not clear that this
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should scale directly from Figure 9. Consequently, the rough estimate

of a 15 per cent decrease in the peak magnetic field from ideal conditions

is obtained for the test solenoid.

After the preceding simple design calculations, the solenoid was

prepared for testing. Bakelite end plates were glued to the central

form to contain the wirei and the loose ends of the coil were epoxied

to these end pieces. This simple construction has-withstood the magnetic

forces experienced by the coil under pulsed magnetic field operation.

To check the inductance calculation, the coil was measured with a lO00-cps

bridge and the series inductance was 299 ph. This value was about 2.7

per cent higher than the calculated value of 291 ph.

Typical data for the solenoid current and axial magnetic field are

shown in Figure 16. The pulse length is approximately 10 per. cent longer

than calculated, probably as a result of using the rated capacity rather

than the measured capacity of the power supply for the calculations.

From the data in Figure 16 the peak current is found to be 1630 a, and

the peak magnetic field is 50.2 kgauss. For this peak current the ideal

magnetic field from Equation (55) is calculated to be 61.1 kgauss. Thus

the experimental decrease of the axial magnetic field resulting from diffu-

sion effects in the solenoid is found to be 17.8 per cent as compared to

the rough theoretical estimate of 15 per cent. This measurement indicates

that the scaling techniques used to obtain the theoretical estimate of

the decrease in tha magnetic field are sufficiently accurate for design

purposes.
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Another simple test was performed with this pulsed magnet to measure

experimentally the effect :of the magnetic field diffusion through a passive

conductor. A hollow brass cylinder, with an outer diameter of 0.75 in.

and a wall 'thickness of 0.105 in. was inserted in the solenoid. Since

the resistivity of brass is approximately 3.9 times that of copper (p.45

of Reference 2), the ski- depth in brass at 500 cps is

6 = 0.12 .9 = .237 in.

and, the parameters for this brass cylinder are

Ta = T/6 0. 105= .4430.237

C c. 0.27o =2957
T 0-105

From Figure 4, or Equation (30), the ratio of actual to ideal magnetic

field is 0.9 for a hollow rectangular conductor. Scaling to a cylindrical

conductor by means of Figure 7 shows that the curve for the cylindrical

conductor is just at its knee for this value on the curve for the rectangular

conductor (an equivalent a of 1.2 for the solid cylindrical case). Then

accounting for the half-sine-wave current waveform from Figure 9 gives

a final estimate of 0.90 - 0.91 for the magnetic field ratio. Thus,

this scaling technique gives the estimate of a decrease of 9 - 0 per

cent in the peak axial magnetic field mor the test solenoid whe the

brass cylinder is placed inside the solenoid. From the discussion of



Section-II, this estimate should be somewhat conservative, although it

is not known by how much.

Data -comparing the axial magnetic field with and without the brass

cylinder is shown in Figure 17. 'The peak magnetic field with the brass

cylinder is 43.9 kgauss which corresponds to a 12.5 per cent decrease

with respect to the field without the cylinder. This compares favorably

with the conservative theoretical estimate of a decrease of 9 - !0 per

cent. The data shown in Figure 17 are interesting for other reasons.

First, the current waveform when the brass cylinder is inside the solenoid

is markedly skewed. This is apparently a result of the interaction of

the conductor upon the solenoid. Also the axial field is extended in time

beyond the end of the current pulse, and- the magnetic field begins with

a zero or slightly negative slope. This behavior is qualitatively pre-

dicted in Figure 8. In view of the approximate effective value of 1.2

for a as estimated earlier in the solid cylindrical case, the quantitative

behavior agrees well with that calculated. The delay in the peak magnetic

field with respect to the actual current peak is approximately one in

5.5 parts, as shown in Figure 17, while the delay shown in Figure 8 is

approximately six in 31.4 parts. Also, from Equation (49) the value

for a estimated as describing the transition between positive and negative

values for the magnetic field at the beginning of the pulse is 1.1.

The experimental results seem, therefore, to fit the theoretical

values when scaling techniques are used to go from the rectangular to

the cylindrical geometries. Of course, the data presentcd here are much
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too meager to justify the statement that the theory agrees with experiment

for the effects of magnetic field diffusion in pulsed -solenoids. At

this point, the best one can say is that the indications are that such

an agreement exists.

Finally, some data were taken with the test solenoid and the particu-

lar power supply considered -here to see what ultimate fields could be

obtained. Under these. conditions the. initial voltage was 4.1 kv and

the solenoid- current was 3300' a. The measured magnetic field without

the conducting cylinder was 102 kgauss. The pulse shapes for the current

and, magnetic field agreea with those shown in Figure 10.

V. CONCLUSIONS

The limited experimental results obtained for test solenoids indicate

that the quantitative results obtained are -sufficiently accurate for the

design and construction of pulsed solenoids. The calculation of the

decrease in magnetic field on the axis of a pulsed solenoid have shown

that the conductor thickness (on the radius) which can be tolerated

without a large degradation in the magnitude of the field is on the order

of one skin depth. If low-conductivity conductors are used, this limi-

tation is not especially serious. On the other hand, a much more

stringent limitation is placed upon the coil thickness of the pulsed

solenoid where copper wire or tape would be used. For a decrease of

10 - 15 per cent in axial field, coil thickness of up to twice the skin

depth can be used. As the coil thickness is increased beyond this, the

ratio of the axial magnetic field to the ideal field decreases very rapidly.
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It is significant that pulse4 .magnetic fields as high as 3.00 kgauss

were readily obtained with an inexpensive solenoid, althcugh field uniformity

was not high.

f!
I. F. LangfOrd-STith (ed.), Radiotron Dsigner's ,Handbook. Harrison,

New Jersey: RCA, 195 .

2. ITT, Reference Data for Radio Engineers, New York, 194.9.

II

-7

~3+7l



HIGH CURRET-flSIf BEAMS USING INDIRECT D ISSION
FRO( LOCIRRADIATED CATHOtES

Do Me Stevenson

(Prepared undier Contract No. AF30(602)-3243 at the Electrical
Engineering Reseamlv Laborktoty, CORKEMJ UNIVERSITY, Ithaca, N. Y.)

-149-.



ABSTRACT

An experimental study was made of the emission of electrons from

one side of a thin tungsten ribbon when heated by laser irradiation from.

a pulsed ruby laser incident on the opposite side. The emission obtained

j2in this way was found to be repeatable up to current densities of 400 a/cm2 .

Beams with this current density and diameters of 0.005-in mere focused

using magnetically confined flow in a pulsed magnetic field. The optical

properties of tungsten and beam focusing using magnetic fields are discussed.
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end of a 012-in. Uriger tungsten, rod. Since the spot size was

small compared *ith the rod diameter, te rod could be considered semi-

infinite for thermal calculations. The, emission in this case can be

seen to follow the individual spikes of the laser pulse. Calculations

using a simplified linear theory, that is, neglecting variations of

erithi l and. electrical properties of the tungsten with temperature,
-4

show, that this, is to be expected, since the surface temperature-can

rise- and' fail at, the approximately 2 MC/s rate-cf the laser spikes.

In fact, for tungsten, the ,surface temperature, and therefore ,he

emission would follow the variations up to approximately 200 M/s.

Even at such increased, rates the' temperature would follow the rising

edge of each- pulse but not the falling edge, since it is the .cooling

process that eventually limits the response. The maxiuim current

densities ' observed for this direct emission case were of the order of

IO a/c 2 , but the spiking pattern made them of little practical usei

The problem therefore is to prod lce a smooth, repeatable,, pulso.

(one of the methods suggested for producing a pulseof this kind

is, by what has been- termed "indirect emission." This nvolves

heating a thin tung3ten ribbon by laser irradiation on one side and

drawing the emission from the opposite side, where the temperature

fluctuations are considerably attenuated.. Since a, larger mass of

tungsten has to be heated' than with direct emissi)n and because of

the averaging effects of the diffusion of heat across the ribbon, a

lower and smoother rate of increase of temperatur-e at the emitting

surface results. Also a considerably reduced rate of cooling is
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obtained because of the much reducod conduction path of the thin ribbon

compared with that of the relatively large tungsten rod.

This report describes the emission observed under the conditions

of indirect emission from the laser cathode and Aeforation of a

magnetically fgcused beam of moderately high current densities using

this emission process.

I

This work has been a continuation of experi nts performed by

2
G. C. Dalton and T. S. Wen on indirect emission from a tungsten

ribbon carried out at Chiao Tung Univer. ty, Taiwan, in 1962-63 when

G. C. Dalman was a visiting Professor there under the sponsorship

of the United Nations Special Fund, China Project.
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Ii. DESCRIPTION OF THE APPARATUS

The fundamental emission process was studied using a simple

diode, and two beams were formed using very simple guns with pulsed

magnetic field focusing. Each tube was used with the laser head,

optical system, vacuum system, and pulsed magnet shown in Figure 3.

The associated power supplies and pulsing circuitry are shown

schematically in Figure 4a

A. VACULM SYSTEM

The vacuum system was of stainless steel sections connected

together by Varian flanges using copper gaskets. The central section

was a stainless steel cross which had a Varian 8/sec Vaclon pump on

one arm, a vacuum valve on the opposite arm, a glass port for the

laser beam to enter the vacuum system on the third arm, and a stain-

less steel tube with a pulsed magnet fixed on it on the fourth arm.

The diode and beam testers were mounted on Varian vacuum flanges and

fitted Inside the tube on which the magnet was mounted. With this

demountable systemp each tube cculd easily be removed either for

replacement of the filament or replacement by another tube. If the

magnetic field was not required, the magnet section could be removed

and the tube attached directly to the arm of the cross. Since eacb.

magnet was fixed permanently on its stainless tube, the magnet was

changed by replacing this section.
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The pressures achieved with the system were around 10 7 Torr.

* At this pressure the monolayer adsorption time was around 10 sec

while the time between laser pulses was 100 sec. Several mrnolayers

of gas could therefore condense on the filament between pulses. A

pressure of 10- 9 Torr, giving a monolayer adsorption time of 1,000 sec.,I
would have been much better. In spite of this poor pressure, however,

residual gas seemed to have little effect on the emission after the

cathode had been aged by the first few laser pulses.

B. LASER

The laser head used for the experiments is shown in ai exploded

view in Figure 5. This laser was designed and constructed at Cornell

University. The pink ruby crystal, with a diameter of 0.25 in. and

a length of 6 in., gives radiation at the characteristic wavelength

of 6943A°, corresponding to a photon energy of 1.78 ev. The chromium

doping is 0.05 per cent and the crystal has a 900 optical axis

orientation; that is, the optical axis is perpendicular to the axis

of the crystal cylinder. The transmitting end is flat and uncoated,

whereas the opposite end has a two-facet chisel forming a total

interna3ly reflecting (TIR) prism. The crystal and a linear Xenon

flash tube are contained in an elliptical housing with polished

stainless steel reflectcrs coated with silicon monoxide. The crystal

is at one focus of the ellipse and the lamp at the other. This is

a relatively efficient arrangement. The laser gives 1 joule for

every 300 joules into the lamp above threshold and is therefore
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0.33 per cent efficient. Only 2.5 per cent of the elactxical energy

dissimated by the Xenon fl2ash tube is cmverted to light, which is in

a useful wavelength range for pu=ping the laser; this ligb is there-

fore used with an efficiency of 13 per cent oce the crystzl has been

puped above th-eshiol. The co=dLetely U=Ocated crystal all Iows high

energies to be obtaied for many pnises witsoht the detoration in

_erfcr=ance associated with coate d crystals, the coting of which

can be evaporated off by high laser energies.

The w er su-nly for the laser is a conventonal d-c supply,

which charges a capcitor bank to a preset voltage. A pulse generator

generates two ioses with the time between then variable fron 20 Is

to 600 ps. tither one of these =nIses can be used to trigger the

laser, ;he =agaet, or the oscilloscope. nlis pulse gOneratmr was used

to make the laser pulse coincide with the center of the magn -toulse.

The laser In is fired by means of a 15 kv palse delivered to the

tantigg-er wire. TIhi s tu2.se is obtinedd I. di scharping a capac~tor

through the prinary coil of a pulse transforner using a silicon-

controlebd rectifier as a switch, the trigger pulse being taken from

the secondary coil of the transformer. The silicon-wcntrolled

rectifier is switchea by a pulse from the ulse generator. The

capacitor baek of the lastv. supj can be 120 tif, 240 pf, or 360 pf4

and has an ultimate storage capacity of 2,700 joules.

In order to understand the heating process and also to produce

an irradiated spot of the required size, it was found necessary to

investigate several of the laser characteristics. Measurements of the
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total energ per pulse were mde using a calorimetric technique

devedoced by i md Sims . The basic element was a carbon cone of

0.51 g= =asq placed in an insulating enclosure. The cone was raised

2.80C in temperature by a pulse of one joule. Embedded in a groove

ar--od the edge of the cons were three Fewal thermistors operated at

about jPOOQ each. Whoa this calorimeter was used with the circuit

shown in Figure 6a, an outpt of 31 my mar Joule was btained from the

bridge. The ann purpose of the d-c a~Jiier was to provide an

'=edance transfo=zation between the bridge circuit and pen recorder,

since the out-of-ba~ance volt age of the bridge was being measured and

his had to be done with a circuit of hig~h inpedance conared with

he various bridge resistances. Ith this calorimeter it was found

possible to measure energies up to the mmaxi, energf of the laser

used, whiich wez a few joules, and down to a few mllijoules, correspond-

ing to a tecerature rise of the cone of about O.Ol°C and an output

voltage from the bridge of about 0.1 mv. A typical curve showing

the resporose of the calorimeter to a series of pulses of 0.45 joules

at 100-sec intervals is shown in Figure 6b.

The peak deZlection, which was obtained 9 sec after the laser

pulse, had to be corrected for cooling during the heating time. A

logarithmic plot of the deflection as a function of time showed a

nearly exponential cooling after the peak deflection had been reached.

If the same cooling rate was assumed up to the time of reaching peak

deflection, then a correction to this deflection of 26 per cent was

required. This last assumption is somewhat suspect, since the cooling

-70-



13V

THERM ISTORS

(a)

010-

0

-5

0 50 100 150 200
TIME (SEC)IM

Figure 6. (a) Circuit for laser Energy Measurements Using
Carbon Cone Calorimeter. (b) Response of Circuit
in (a) to Two lAser Pulses of 0.145 Joules.



rate may be quite different while the heat is diffusing through the

carbon cone. This method cannot be relied on therefore, for absolute

values of better than 10 per cent. A reduced rate of cooling of the

cone would increase the accuracy of absolute measurements. Relative

measurements can be made with much greater accuracy. A calibrating

pulse was obtained by discharging a capacitor through a fine wire

embedded in the circumference of the cone.

Other workers have used this method of energy measurement. A

similar method described by Daman and Flynn5 uses a liquid of

appropria..-ly chosen absorption coefficient as the absorbing medium.

This method overcomes the problem of overheating and evaporating the

surface of the carbon cone at high energies. For the measurements

described here, care was taken to ensure that the laser beam irradiated

at least half the surface of the cone so that this problem was avoided.

It is also possible to measure the energy from the laser using

a calibrated phototube in conjunction with filters of knQwn trans-
6

mission coefficient. In this case the filters are necessary to

prevent damaging the tube and to ensure operation over the linear

part of their range.

With the calorimeter described placed directly in the laser

beam, Figure 7 was obtained. This shows the variation of output

energy with electrical energy into the flash lamp. The threshold

was close to 320 joules with the output energy varying linearly with

input energy and an efficiency above threshold of 0.33 per cent.

The threshold and efficiency of the laser, and therefore the output

power of the laser, are functions of the temperature of the crystal
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and the rate at which pumping energy is supplied to the crystal6

It is therefore important to keep these quantities constant in order

to obtain a constant output from pulse to pulse. The rate of supply

of pumping energy depends on the inductance, capacitance, and resistance

of the discharge circuit and the constancy of the lamp discharge.

Manufacturers specification of the lamp discharge indicate that it is

constant over some thousands of ulses; therefore this did not present

any problem for the wAperiments described here. The temperature of

the laser crystal was therefore the most important factor.

Figure 7 shows that several joules of energy were available from

the laser. Calculations shcw that only 1.7 milliJoules of energy are

required to heat a O.005-in. diameter spot on the ribbon to the

melting point of tungsten and that 15.3 millijoules of energy are

required to heat a spot of diameter equal to the width of the ribbon.

A few tens of millijoules are therefore the mainum required, and the

laser is capable of giving many times more than this.

Figure 8 shows the variation of the laser output with pulse

number when it was pulsed at several different rates. Curves are

shown for three pulsing rates with two different cooling conditions.

The cooling conditions were: (a) the crystal cooled simply by

conduction and convection within the laser head; (b) the crystal

cooled by a stream of air at room temperature blown through the

laser head. Since the lamp and air within the enclosure was heated

by each discharge, cooling under conditions (a) was very slow and

there was a rapid fall off of energy with pulse number at the pulsing

to.
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rates shown. Cooling under conditions (b) were much more rapid;

f°xrthermore equilibrium at a constant pulsing rate was quickly

achieved. With 100 seconds between pulses there was negligible

reduction of energy output with pulse nunber, so that Wihen a time

between pulses of 100 sec or greater was used, a constant output was

achieved. These therefore were the pulsing conditions used for all

the experimnts.

In order to form a spot of the required diameter on a target,

it is necessary to know, at least in a rough way, the variation of the

radiation intensity over the face of the crystal and also the

angular divergence of the emitted beam. These were therefore measured

for the laser being used since they depend on several factors aid

cannot be calculated with any certainty.

The output energy is certainly not radiated uniformly from the

face of this or any other laser crystal, principally because the

cylindrical shape of the crystal concentrates the pumping light into

the center. This results in an intensity that is maximum at the

center of Laser crystals and that decreases smoothly toward the

circumference. ftgure 9 shows the variation of energy passed by a

stop placed near the crystal face with the area of the hole in the

stop. This shows that the emission is a maximum at the center and

falls off towards the perimeter as expected. These measurements

give the sum for the entire pulse train of the energies of the

individual spikes from a given fraction of the crystal face. Hughes

and Young 7 and others have taken photographs of the crystal face
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using a rotat-ir irror ca=era so that they could resolve tbe individual

soikes. Their results shc'ed that each spike corresponded to a mode

of the crystal. Also different s-al regions of the cryst-l face emt

independently of each ether with the sp.atial variation of the eoission

var-ing fro= spikeV to spie but with each enting, region a3.way3-

emiting its o partii 1 
' ade sequence. !Mre recent work has

shorn, hoever, tm t well above threshold the separate emltting spots

couple together, and the em-ission is more inifform over the face of

the crystal. 3ot.h these resualts were found with -the laser used in

this study. 7Then an i-age of the crystal face was formed on the side

of a razor blade and the laser fired close to threshold, a ark was

-made with several sm l holes dotted over it, presuw-bly corresponding

to the different em.t.ting spots of the laser face. When this was

repea-ted with the laser fired well above threshold but with the bean

attenuated with a stop so that approximately the same amount of energy

fell on the blade, a much more uniform mark was made confirming in a

rough ranner the observations of cther workers. Fr this reason, in

order to obtain a uni-formly irradiated area, it is necessary to

operate the laser well above threshold and to attenuate the beam by

stops or filters or both. Another reason for operating well above

threshold is to obtain a constant energy output since small changes

in the threshold level have less proportional effect when working well

above threshold.

llith a TIR crystal, the edge of the chisel Doint and the axis

of the cylinder define a plane of symmetry, and one can thin', of the
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two halAves oz- thre e-nitting -.ace., cce on dtesite of ths plan., as

correspndizg to the tra ends of a lat emdea Be=ta Scne cT the

-way the rays ---e ren-ected ;-c=3 tihe crsa b~ ~ rv;; cr

syzn-try, the two ha-Ives of,. the fa-ce shou-13 ra:;-!ate =rc.--arge- l.nge

watterns. This ccnl- A k fact be saeen in the atencf zwts aes~ited

intie =recedfirg psgra~h and in zarz-1 b~red cn a laodfilm -4!,-

placed in the 1 .--er beam with the 3 -- e- f ir-ed clo se to trsod

The angular dinrence of the be-= ims =easnred

A gra A..g]zss p1 ate was iitaced 22-1t frc= tke --,er. 7he irage

f c==ed on this screen -Aen irr-a&:ated by -:k- Ilaser, bean was -- ' -

using a Polaroild land ascilloscopecnr co~lete xkm nood.,th

ground-&lass: screen being fixed a.-er the end of th od in the

nosition -shidi the oscilloscove screen wdld ncrally o=7-. This

rroved very effecti-fve and si-~le, since the hood e! iinated st= --

lighpt and t,,he exwpsnre conld be adj=usted using tecamera stops. The

alternative to this, ihich wouild be Io e==oe the 1:i= erectay tLo

ze laser oea, zol noleajsing the intensity of the bean

wihfilters and achieving a =nch darker- roon than was necessary-

with tin present techniaue. Sc-- of the photograrirs obtained are

shown in igure 10. Fron tbese photographs it ca-n be seen that the

beam has a bright central region surrounded by a Loer intensity

region., and that an interference pattern redistributes the light

into a series ofL parallel bars. The bright central region is not

circular but siread symetrically about a line through the center

perpendicular to thle long direction of the bright area. The direction
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(a)

(b)

Figure 10. Far Fleld Patterni of laser Beam. (a) input
Energy of 350 Joules (10 Percent Above
Thresbold); (b) input Energy of 550 joules
(55 Percent Above T1hreshold), 1/13
Exposure of (a).



Of this ]~eCCorrs==ds to tize em-= C of t Chisel eespof ths

7I crys'- 1 . 7'ihe bri#4t regicracm to a be-sm af TZ-vrgece

0.20 t7 0.6 aml the cr.:ar rag!-n coze-swcds to a bei tha falls

to moggibia5~i at a dvre of O.fP. These figres 2re

szCat r -=tV esimcipa117 in Viez of, tbe mpmli o res--cse

Of t2:-- sio t7M EC 'MI-3 16-fc W-bid s aed, b-2-3 phe a~oe3 adeo~ate.

__ ntrfee~ ~2t:=ig of liuttle to

zzhese W~rZz~s as veyinueresting. A flat-ended cryistal. gizes

a mtte-a is a seri-es cf cent.-ic 6-,~ m ctrst

the Ar~n w.- 1 e bars. :E,' is tezr.Ing to i er t this tattern

of ~ale-1br as .63 t~Itrerence between the two bseas fro=

-tbe tro halIves cf the crystal face asdescribed abcne. iff this were

the correct explanationm, zbwvete bar-s hw'ibe allel to the

cbisel- edge of the L,&2, ereas, as can be seen frm the mkxoto-

gra-zhs, the bars saa mi angle of 121 -kth th -cireection of the

crystal edge., *bih is teshort direction of the brigr""V region.

This patrtherefore, is no-', at the mome-nt satisfactorily

exalained.

in uznrythe laser is canable of delivering up to 10 j~e

with a threshold of 320 jaules and an efficiency above this of 0.33

ver cent. The radiation from -the crystal is zmost intense at the

center P-A falls off tawarCk the ieri=.te-r of' the cryvstal. Tihe beam

has a bright central region of divergence 0.270' by 0.160 with an

outr, essinense region off divergence 0

oue. lesin .



Oe tlhe pro erties of the laser wxe eene, it, was nssbl

to 6--sign an cp4t-:;al syteam to g ie -Uhe requred irraditei set,

dillaJeers -=d 1iti e~it at the taroget.

Becanse- c!T their =01a~ dtivergence,, laser beas nc-] give the

=at itense swit at the focal -4=e v-7 a oc-'lens. S-ine the

ditance betweeni the target and -and, was abo=11 12 -in. w~en the

=zgmt sentic -xps in plae,0 a "Imn of at least. this foccal 1 nx-gtb was

rcird~A 26-in.,. thre-9eent, astig-mtic lens vas readily aval-

able and was tkerefere nised. With 0.27-P for the '-vergence Of -the

cen=21 al rt of the beav -the beam ims brcanghzt, to a -Cocas at the

fCocal plane of the lens- fI-orning an image of 0.075-in. dianeter, -Oich

is 15 times the required diameter. The size of the image could

reAdily be rednzed by redacing the divergence of the biean. Zhis was

cbeby passing the beran- thrcuigh a telIescope cf 25x =apificaticn,

ta:e be-aa passing ffrcm eyepiece to objective as sh-own in -Figure 1U.

Then the divergence of the bean was reduced by a factor cf 15, the

bean diameter was necessarily: icreased byl the sae factor. Thnis

increased the beam diameter to a value soneuhat greater than the

diameter of the objective, so that not all of the beam was passed by

the telescope. The best way to consider hav the telescope serves as

an effective stop is to note that the only rays that can pass tohroughl

the objective of the telescope are those rays that pass through the

image of the objective lens formed in the eyepiece. This image is

indicated by I0 in Figure 11. If the diameter of this image is d ,

then
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fe

f +f 0
a 0

Putting in the values used fo f e fo and d gives a value r d. of0o a

0.. in. Therefore only the part of the beam that passes through this

0.1 in. diameter image is passed by the telescope.

The size of the image T formed at the focal plane of L is given
3

by

fe
dl g o f3

where a is the angle of divergence of the bright part of the beam.

An image of the crystal face is also formed at the plane 12, and the

size of this image is given by

-D fed2 a u T- f 3
0

where u is the distance from the laser to the telescope eyepiece,

and D is the diameter of the emitting area of the crystal. The

effective stop of the telescope does not reduce the intensity of

this image uniformly over the image, hovever, since the light from

the crystal face is not enitted uniformtly in all directions.

The exact way in which the intensity over the image is changed

depends on the detailed angular distribution of light from each point

of the crystal face, and this was not known. With u equal to 15 in.,



however, the dia=eter of the beam at I was twice its dia er at the

crystal face. Since only that -ighit that rasses through To, (Vhose

diameter is 0.1 in.) passes through the telescope, the light passed

is mainly from the central 0.050 in. of the crystal face. if this

value is used for D; then the diameter of the image is 0.0035 in.

This value of D is a minimum value and the calculation therefore shews

that the two images are of about the sa-me size.

The distance between the two images Il and 12 is given by

For the system used

f/f 1/5 f 16 in. u 15 in.

therefore

x- 0.075 in.

These calculations were checked by placing a piece of exposea

polaroid film in the position normally occupied by the target. When

the laser was fired, silver was evaporated from the film where it was

struck by the laser beam, leaving a white mark. Lens L3 was moved

in steps of 0.020 in. such that the film ras initially about 0.1 in.
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fr~o= T aind finally about, 0.1 in. frcm I.,. A spot was produced

betwee T a T and also a short dist-ace 'beynd these positions, f
which was of constant size and hiAch ircreased in diameter With -

increase in distance away fron this central region. Me ost

iortant result of this was to sb that the focusing was not very I

critical. In practice the end of the laser was illvinated anj its

i-ge focused on either the cathode or, what was often better since

it gave a clearer iriage, on the anode at the side of the cathode.

The focusing was done by noving . The size of the spot evaporated

frcm the film depemded on the radiation intensity and varied betw'een i

0.005 in. and .OID in. hen a piece of tungsten ribbon was placed {
in the same position, however, the irradiated area had a central I
region of diameter 0.005 in., ihich had been molten, surrounded by -

a bright region from which the marfrce impurities had been evaporated.

The diameter of this bright area was 0.010 in. to 0.012 in. so that

the entire 0.015 in. width of the ribbon was heated. Wnen the laser

was fired near threshold with the tungsten i bbon at T12, the spots

previously described as corresponding to the small emitting regions

of the laser face could be clearly seen. When the ribbon was moved

to I V these disappeared. The size of each spot was of about

0.001 in. diameter corresponding to almost 0.010 in. diameter at the

crystal face.

In order to be able to adjust the position of the beam, the

telescope was mounted on gimbals, with the pivots in the plane of I0.
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A micrometers were used to move the front of the telescope vertically,

and another to move it horizontally. For the lenes used, 0.001 in.

movement of each of these micrometers gave 0.003 in. movement cf the

beam at the target. The position of the beam could therefore be

adjusted to within 0.001 in. fairly easily. The gimbal m(ountings were

in the plane of Io, so that ihen the frcat of the telescope was oved,
I0

there was no translational -movement of 10 and the same part of the

beam was passed by the telescope keeping the irradiated spot of

constant size and radiation intensity. The slight angular movement

of I had negligible effect on the light passed by the telescope. The

principal alignment of the system consisted therefore in ensuring

that the gimbal mountings were in the plane of 10 and that the center

of the beam passed through 10 . Once this adjustment was made, L3

was aligned so that the center of the beam rassed through its center.

The vacuum system was then aligned so that the bean passed through

the center of the window to the target. Finally an image of the laser

end was focused centrally on the target. The target was viewed using

the monocular shown in Figure 3 in conjunction with a small viewing t
mirror. Since the target was close to the focal plane of L3 and

therefore when viewed in the mirror was formed at infinity, a

telescope in the form of a monocular was required to see it. The

viewing mirror was removed from the beam when the target was being

irradiated.

Since in order to form a small spot it was necessary to reduce

the beam divergence by a factor of 15, the beam diameter had to be
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increased by a factor of 15. More generally, fo a given bean, the

size of the irradiated soot depends only on a2' the angle of convergence

of the beam at the target. The spot size is inversely proportional

to a2 and the smaller the spot size required the greater must be the

angle of convergence at the cathode.

For the present experiments the value of a2 required created no

problems. For a beam produced by direct emission, it might be

necessary, however, to place a structure around the beam. In this

case the laser beam would either have to pass through the structure

to the cathode or strike the cathode at an angle. The second alternative

might be possible if the anode was well spaced from the cathode so

that the change in anode-to-cathode spacing from one side of the beam

to the other was not too important. It would not be possible to

eliminate the effects of the tilt completely, however, and this might

not be a practical approach. The alternative of passing the laser

beam through the structure requires a beam of low angle of converge

and therefore, paradoxically, of high beam divergence, so that a

large spot would be produced. The way to overcome this would be to

decrease the divergence of the beam produced by the laser.
6

This has been done for a ruby laser by two methods. The first

method used a long cavity to reduce the beam divergence, the mirrors

being up to one meter apart. The second method used a stop in the

cavity. Both of these methods have disadvantages. The first method

involves using mirrors separated from the crystal, which mast be

accurately adjusted. The second method results in a considerable
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reduction of the laser output energy, and the stop is damaged if the

laser is fired at a high level for more than a few shots.

These difficulties, which would be encountered in the production

of a beam by direct emission, do not arise in the production of a beam

by indirect emission. This shows P considerable advantage for the

indirect emission beam although it may be wcrth while to overcome the

problems associated with direct emission by producing a direct-emission

beam using the single pulse from a Q-spoiled laser.

D. PULSED MAGNET

The standard method of producing strong pulsed magnetic fields

is to discharge a capacitor bank C, charged to an initial voltage

Vo, through a magnet coil of inductance L, and resistance R. The

damped oscillatory discharge is expressed as

0 rr
I = 0 ' sin (nt/T')

0!

where

The p T n ()1/2 T" T 1.- T ]/2

rT

i//2

The peak current is reached at t T" an2sgvnb
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Vo
T - -o Z

.ere

(-T))
Z. z0e Ze0 e 0

If R is s--!, the dazing is and the discharge is closely

sinursoidal, so that

(c 1/2

L()
and

_ (L)1/2 (2)

where T is the time for one-half period of the oscillation.

The energy dissipated in joLle heating during the first half-cycle

is

-I RT
2 o

when F>> T; i.e.,

1/2
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1he design of the zag--net coil ftre rc= the fact t~t a-

'-e-D~iod T of abaat 1 =s 'gas re.-uired -An t!bat three 220 tif, 3 isr

Capacitors Were aval-labe. Fattinig these figures into iao (1)

and (2) gives a valne of 280 ph re:.ired for the indmtance of the

coil, and a value of about 3,i0 a for the peak curent. ?am -agwets

were made using this design data. The first was a si 1 'l salenoid

wound on a 7/8-in. £oner -&-:id was 2 in. -ong. Calculations shoed

that fQ, ths size magnet five rows of 33 turns each of no. Vi wire

would give the requirei inductance. With th? peak current just given

and an infinite solenoid, the peak fie1d on the axis would be about

78 kgauss, which is more than required. The second magnet corsisted

of two coils wound on a 7/8 in. former each 1/2 in. wide and spaced

1/4 in. apart. The required inductance was given by 50 turns of

no. 1.4 wire wound on each of these coils. Since for this magnet the

number of turns per inch was greater than for the simple solenoid, the

magnetic field for a given current was some-hat higher. The coil pair

arrangement also gave a greater length of uniform field than the

simple solenoid and was therefore used for all of the beam-focusing

experiments. This magnet aid the field configuration are shorn in

Figure 12. The field varies by only 1 per cent over a3/ in. length.

This was achieved by careful adjustment of the distance between the

two coils and by adjusting the number of turns on the coils to give

exactly the same field for the same current when operated separately.

This was necessary since there are only 50 turns on each coil so that

a one-half turn difference gives a one per cent difference in field.
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Figure 12. Diagram of Two-Coil Pulsed Mfagnet with Field Configuration.
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Is i~dCated th Des S=--e is seS=3d awzq Y=

c-d=to suit!:1 tels Cr- a B...5L1 : sd ~

this tma ber -,irea, it ~tdin emtet ac a tb--fd

alae t2he -5n.T= --=-- tae iha to ring =!d ;*-#. the

e=-E cri st" 7eed in the hadit~ tee dL si5ped Ain

the- C121 -'-*rSistame, a--. tbe!fee 1iniT -%m the et

S~r~s it was regrd t!=, the b e Imt to a mr

this ri-, lmp a m=-: esirable. s'o eavd tms a &-ae 4s n-l~id

in t:- disc!:=ge -ec t,-c sat=-ataed at carrezts c a- few t.ms

o:f amres, and *!Ach ha5 an t~ abot tam ordars cf me---t!

greater than that cf th am- i =-t. si-a:eo and an crdwr of

zagitmde le-ss tban ttat ef the m~e id~ sat=ated. Wth the =-eS

Gz thre cbhee the time costnt, of ta-e wicag as =3h inceased

at low carrets and alterei wery little fcr i= carrenmts. 7Tis

cde]-ayed the -m1se *h-5ile the c-remnt ws lcw, keeing th--e camrit :low

at the en~d of t first h=alf'-cj--ce ::c-- a snfficieaz length o.f. ta:

lfabmbi 10' ps) -o alci the:- igtra bo, deionize. M-I's cuenc!hed the

ringing~ at, the mid of the first ha"f-cycle itboat apraciably

altering either the reriod or rag;itude of the discharge current.o

At the end of this first hal.f-cycle, 'Ube capacitors were charged in

the reverse Doh rity. in crder to return them to their original

polarity, a second discharge circuit wa.- used with an idatica1

Ignitron sad choke.

The calculated value of R for the riagret is 0.137Q giving a

value for r' of 2.08 msg. The amplitude of the osCi 3a tion should
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tt-wed-z fa to 116 inl &__ 22=.DIgt--fIs te

f=e the peak~e~~t icsses is anl.y 13 re cen. less -t the

f: tae T-te t of -k- -c~ztCrSq vt- the C-ircmi

=eSISta~ce to a wal=te of 0213 Q Caler Vaed f,.= t~q Mas-'ed C3:q--g

a=!;ra. Ibis c ensto a 2D er- cB=nt. ceCraLse CE t~ha Veak

c=e-- -e.-.-2 froadsmig

is-=h=~ t. 1/ i a c'-staiVt for- a given size

2--.6 e of -'the brc ot eirg ine~n.of the n~rof

Stm t Q of the cir--c--~ is given by

- t2 .

enrg dsstted/cycle -2 ZR

=a th~is is therefcr-e also irgieaendent of HJ for a given T. The Q

f an air-cored -,-Ise ragnet czannot t!heref are be altered by altering

thie nuffer of tirns., but only by irmroviiig the packing factor or

reducing the resistivity. if T is shocrtened such that skidn effects

becom~ appreciable, the Q is further reduced. 'For the value of T and

thickness of 7dre used, skin effects were not important, and the Q

was such that about50O per cent of the energy stored in the magnet



was dissimated in a single haif-eriod. This gives a calculated

tneratwe rise of 30C per nulse when .inlsed at =axizin capacitor

voltage. Since the laser was pulsed only once every 100 sec, this

te~eraare rise presented no problems.

Pis-we 13a shows the magnetic field produced by the simple

solenoid for severa1 capacitor voI ages. From this it can be seen

that the delay caused by the saturable reactor varies with voltage

and is least for the highest voltage. This is due to less time being

required to reach saturation currext in the delaying choke as the

voltage is increased. The field neasurements were made using a coil

of a known number of turns wound on the end of a lucite rod and

integrating the volt age output from this with a circuit of time

constant Ti, ith TR being very mch less than the length of the

magnet ulse. Figure 33b shot-s a field pulse for the two-coi

mgnet. The change of slope at the two ends of the pulse can be

clearly seen. The length of pulse for the simple solenoid was 1.0 ms

corresponding to an inductance of 280 gh, and for the two-coil

magnet the pulse length was 0.9 ms corresponding to an inductance

of 265 ph. The measured peak current for Vo = 3 kv for the two-

coil magnet was 2,h00 amperes, which gave a peak field of 66,000

gauss. With no resistance in the circuit, the peak current should

be 3,500 a; with only the magnet resistance, it should be 3,200 a.

The lrc value of 2,400 a was due to the low Q of the capacitors used.

Using high-Q capacitors with the same ratings, this magnet should

give 85,000 gauss. As pointed out in the section on beam focusing,
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these values of magnetic field are well above those required to focus

the beams produced by indirect emission.

Since the magnetic field was produced by this pil2sed technique,

some care had to be taken in the construction of the device that was

to fit inside the magnet. In order not to produce large eddy currents

ani thus reduce the magnetic field, any tubing inside the magnet had

to be less than the skin depth in thickness. At the frequency c-f

500 cps used, the skin depth in copper is 0.3 cm and the skin depth

in stainless steel is 2.4 cm. Stainless steel tubing could therefore

be used for the tube envelope and copper could not. To check this,

a 3/4 in. rod of stainless steel was fitted inside the magnet. This

rod had a hole from one end to the center into which the field probe

fitted. With this in the magnet, the field was found to be reduced

by a negligible amount, as can be seen from Figure 14, ihich shows

the field pulse both with and without the stainless steel rod in the

magnet. With the steel rod in place, the field was delayed by nearly

30 s. this delay being the time required for the magnetic field to

diffuse through the metal. This experiment showed clearly that

stainless steel could be used for the tube envelope and other parts,

and that its use would not lead to any reduction of the magnetic

field. The movement of delicate parts, such as the cathode ribbon

and its supports, as a result of interaction between the magnetic

field and eddy currents or other currents floying in them presented

more of a problem. In order to minimize movement of the ribbon, it

was kept as short as Dossible and one end was insulated from its

support to urevent eddy currents floing through it.
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Figure 14. Magnetic Field Pulse, (a) With 5/4-in
Stainless Steel Rod Inserted iii Magnet.
(b) Without Stainless Steel Insert.
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MI. DIMSEETS

it-e first ex9ssin e w.e s were m-rfcr=e e twih a sirle

diode. This diode had a tumgsten cath -e ribbon -Ahich =as O.0005 in.

thick an 0.015 in. wide. 'ie anode zas of copper and cculd be nored

on its sutrporting true to adjust the anode-to-cathode spacing. For

all the exre--riments, this spacing was 0.005 in. + 0.0035 in. Mne

caUnode ribbon was oimnt ed in tension from tva 0.010-in. thick

molybdenum. lugs. The ends of the ribbon were sarkcbiched between the

two sides of a nickel strip that was bent around the ribbon, and

spot welds were =ade to the =lybdenum lugs. These spot walds were

strong enoug to hold the ribbon to the lugs, but could be stripped

off the molybdenum fairly easily, allowing the ribbon to be replaced

when necessary. The tube was mounted from a Varian vacuum flaPnge

so that it could easily be removed from the vacuum system for

inspection and replacement of the filament. The pressure achieved

-7
rIth this a.d subseouent tboes was about 10 Torr.

A. REPEATABLE CURREIU PUISES

Figure 15 showis some typical current pulses obtained with this

diode. They heve been presented in this way to show that the results

were repeatable. This figure shows, as was expected, a mean emission

curve with a much slower :nyl smoother rate of rise and fall of era ssion

than for the direct emission shown in Figure 1. There are however, a
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i umber of spikes superimposed on these curves. The average rates of

rise and fall of emission compare well vith theoretical values

8
calculated by 11. C. Chen.

Figure 16 a shows the variation of cathode current with anode

voltage and Figure 16b shows the current as a function of the voltage

at three different times during these pulses. Within experimental

error, the current varied as the three-halves power of the voltages

at the lower voltages, and there was saturation corresponding to

temperature-limited emission at the higher voltages. The emission at

lwer voltages was main.y space-charge limited, but, because of the

fall of temoerature away from the center of the emitting area, the

peripheral regions must have been tem perature limited. The areas of

temperature-limited emission and space-charge-limited emission depend

on the laser inout energy, the anode voltage, as well as the time from

the beginning of the pulse. Chen's calculations showJ a ve-y rapid

fall of temperature, and therefore an even more rapid fall of emission,

away from the irradiated spot, so that under space-charge-limited

conditions, the emitting spot must be well defined.

The discussion of Figure 16 treats only the mean current curve

and neglects the existence of current spikes that are superimposed

on the mean curve. The variation of mean current with voltage has

been interpreted as showing that the emission was space-charged

limited, but the current spikes are obviously due to temperature

fluctuations a the emitting surface oroduced by the spikes Qf laser

energy. Vie therefore have emission which is space-charge limited in
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Figure 16. (a) Diode Current at Several Anode Voltages; (b) Current-

voltage Curves from (a) at Different Times During Pulses.
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the normally accepted sense, but which is also temperature dependent.

This Prises because thq fluctuations of temperature are much greater

than those with which one is normally concerned then treating a

continuously emitting cathode.

This situation can perhaps be best understood in terms of

Figure 17, which is an estimate of the shape of the equipotentials

and field lines in a plane through the center of the beam. Immediately

above the center of the emitting area is the usual potential barrier

Ahich exists under space-charge limited conditions. The height of

this barrier depends on the temperature of the cathode. Only electrons

with more than a certain energy can get over this barrier. However

electrons can go around this barrier by spreading sideways. The shape

of this barrier is a function of the cathode temperature and therefore

the amount of beam spreading is dependent on the cathode temperature.

i this way the anode current is dependent both on anode voltage and

cathode terperature. Such a dependence of anode current on both anode

voltage and cathode temperature is predicted for the infinite diode

when electron emission velocities are taken into account, but the

effect is much smaller than with the present arrangement. No attempt

has been made to solve the case of the diode iith finite transverse

dimensions taking into account initial velocities, as would be required

to correlate the changes in anode current with changes in the cathode

temperature.

Before comparisons could be made with theoretical emission

curves, it was necessary to know the emitting area and cathode current
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density. The area of the ezituIng regicu coald nt be fcmu from

Figure 16 because the am=nt. of s reading of the bep was not kwwn.

It was realized, hawever, that bea= s eaduig could be prevented in

the diode si ly by app l y:ng ths msed aeic field developed for

focusing a long elec--rn be-. Then this field was =Aied to te

diode, current pulses of the kind shorn in Figure 28a were cbtained.

A log plort, of the ximam anode current as a funCtior cf voltage is

given in Figure 13b. The slope of this carvre is i.h + 0.2, showing

that, within experimental error, the current varies as the three-halves

power of the voltage. The emitting area calculated from this curve

using Child's law for an infinite diode and neglecting the eLect of

finite emission velocities of the electrons was 1.03 + 0.2 x 0-6 cm2

This corresponds to a circular region of diameter 0.0045 + .001 in.

which cop-ares well with the value for the diameter of the intense

central region of the beam at the cathode as discussed in Section Ii

on the optical system. This was also the diameter of spots burned

in a piece of film when placed in the cathode position. (Further

evidence for these values for the diameter of the emitting region

was given by the microphotographs of the ribbon after irradiation,

which are presented in Figure 19. The peak current of Figure 18a

was 3 ma, corresponding to a peak current density of 30 ± 6 a/cm2

and therefore to a peak temperature over the emitting region of

3,125 ±250K. This temperature is obtained from the data of

Langmnir and Jones9 for electron emission from tungsten. The peak

current that could be obtained in a repeatable manner was 45 ma,

2
corresponding to a current density of 450 ± 90 a/cm . This thermionic
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* I current density is given by tungsten at 3,640 + 30°K. The melting

tpoint of tungsten is 3,680°K. This therefore shus that the maxinm

repeatable emssion was obtained when the temperature of the irradiated

area was very close to the melting point of the tungsten ard suggests

that the effects observed when the laser energy was increased above

t the value wich gave this maxirnm repeatable current were due to the

irradiated area melting.

Mlhen the magnetic field was applied to the diode, as has been

poLited out already, the beam was prevented from spreading. This

reduced the anode current for a given anode voltage and led to the

almost complete suppression of the current spikes observed when no

magnetic field was applied. This is consistent with the eplanation

of the spikes given earlier. Once the beam is prevented from

spreading, there is very little variation of current with cathode

temperature under conditions of space-charge-limited emission.

The energy per laser pulse incident on the ribbon that produced

the maximum repeatable electron current pulses was 0.03 joules. In

Appendix B the value for the reflection coefficient of tungsten,

when irradiated with ruby laser light at normal incidence, was found

to be 0.56. If this value is correct, then 0.014 joules of the

incident energy were absorbed and 0.016 joules were reflected. The

figure of 0.014 joules absorbed is to be compared with the value of

1.7 x lO- 3 joules required to raise the temperature of a 0.005-in.

diameter region of the ribbon from room temperature to the melting

point of tungsten. The mass of this region of the ribbon is a mere
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3.1 x 10- 6 gin. A further 0.8 x 1073 joules would be required to melt

this mass of tungsten at constant temerature. The total energy

required to melt the emitting area of the ribbon is therefore 2.5 x

1073 Joules, which is a factor of 5.6 less than the energy absorbed

per pulse. The reason for this apparent discrepancy is that not all

the laser energy was incident on the emitting area. At the cathode

the laser beam had an intense central region of 0.005-in. diameter

surrounded by a region of lower intensity. The diameter of this less

intense region was approximately 0.015 in. Since the exact distribution

of incident energy over the irradiated spot was not known, it was not

possible to calculate the temperature distribution that should have

been achieved; however, the value of the incident energy is consistent

with the emitting region being raised to a temperature near the

melting point of tungsten.

Figure 19 shows both sides of the tungsten ribbon after 1, 4,

and 16 laser pulses. Unfortunately these were produced before the

laser energy measurements had been made, which showed that forced air

cooling was necessary to achieve a constant output energy per pulse.

The laser was here fired every 100 sec vith no forced cooling.

Figure 8 shows that under these conditions the laser output falls

with pulse number and reaches an equil brium value that is only half

the energy of the first pulse. For the one and four pulses the energy

of at least the first pulse was sufficient to melt the irradiated

area. As can be seen from the photographs the diameter of this

region is close to 0.005 in. confirming the figure found earlier for
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for the dia.-eter of the eiitting area. For the 16-shot seauence the

first shot was fired only 200 sec after an 8-shot seqaenze. The

crystal did not have time to coal coplete-ly and the efcre even for

the first shot of this seuence the laser energy 1as not sf ficie t to

elt all the irradiated area. Only the central 0.002 in. z-as milted.

The dark areas on these .hotographs are not craters or holes bat

regions wth a very smooth suarface -hich reflected little light into

the microscope. On the irradiated side there attnears to be a mcund.

This my be due to the extremly rapid cooling of the metal after

meltin., leading to a ricrocrys" L11 s or even anisotropic form of

tungsten with a lower density ti-n norma! crystal3ine tungsten. These

photographs of the cathode afte irradiation show that it was possible

to melt the central region of the ribbon ithout destroying the cathode.

Figure 20 shows some of the current pulses corresponding to the

shots of Figure 19. Figure 20a is the current pulse corresponding to

the single laser shot. This pulse, like al first pulses in any area

aC the cathode, produced a large burst of gas from the surface and

interior of the tungsten. This burst of gas was sufficient to produce

a gas breakdown and a consequent large current of peak value 1 A.

The breakdown was not quite an arc, since for an arc the volt age across

the tube would have been small and the peak current would have been

2A limited only by the circuit resistance. Since the tungsten was

molten for at least part of the pulse, evaporating tungsten may have

contributed to the possible gas processes. The current pulses of

Figure 20b correspond to the second, third, and fourth shots of the
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four-shot seauence. The vertical scale for the upper curve is 0.5 a/cm,

umhich is sinilar to Figure 20a. The ver'ical scale for the other

two curves is 20 ma/cm. The emiriion here has reached the stable

coadition, tihat is the nonbreakd-t condition by the fourth shot.

Figure 20c shows the fourth ant eighth shots of the 16-shot sequence.

The reduction in current is due to the reduction in Iaser energy.

Again the emission had reached the stable condition by the fourth shot

and all subsequent shots gave the same shape of curve.

The results presented so far admit of a simple explanation. The

tungsten is heated to its melting point or close to this by the laser

energy that is concentrated in a spot of about 0.005 in. diameter.

The electron emission from this spot is well-understood thermionic

emission that can give up to about 450a/c=2 in a repeatable manner.

The cathode ribbon, which is not processed in any way before mounting

in the tube, is outgassed by the first few laser pulses accompanied

by large cathode currents. After the first few pulses, there is little

further emission of gas, and the electron emission becomes stable.

B. NONREPEATABLE AND BREAKDOWN CURRENTS

Figure 21 shows what happened when an attempt was made to achieve

higher current densities by increasing the laser energy. Here the

energy is increased by 5 per cent from one curve to the next. The

lower curve of Figure 21a corresponds to the smallest laser energy.

At a current of 45 ma the current suddently jumps to an appreciably

higher value. Figures 21b and 21c show the current pulse resulting
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Figure 21-. Diode Current Pulses Showing Transition to Very
High Current Density Emiission. Laser Energy
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5 Percent Above Top Curve of (a); (c) 5 percent
over Curve in (b).

-113-



ftc= tam su~se-ieat 5 mer cent increa~s in the laser energy. The

cnPra scale7 chamges from 20 ma/div to 200 =a/div. Here the breakway

fra= the snmmotb c-.rwe at%' abouit L-6= can -'learly be seen. The Deak

mcrent re=-hed wa.s about, hWO = correspndirg to a cathode current,

2
eity of Lh,ow1X a/c:a . The ean-ode ralt age for al! these curves was

mftly 250 v and ro nagnetic field 'gas ao11ied, so that 4tle be=- coald

sp~-= and thus reftme sm-ce-charge demression. The conduction across

the dicd e of sanch a large currens =ms4t3, hwever, involve some degree

of s.ace-charge nzautrali'za-tio'n 1;y ions. A =~ssible exiplanation of"

thnese re_- 1.ts is that, the lumer reoeatab]. a orrents were obtained utp

to tbe mnating- oint, of tuzgsten, arni that the brea~k from the curve

oc-zrr-e. as the- tun=gsten i-Ite~d_ T:--, rate of evappration of atons.

frsm thz. s_.rfaze inzr-eased apzreciably at this =,oint andi wovidied

sofficien is to give soa-ze-charge neitralizarion.. The wor fu ,tia

ofE the m~etal -iht also chm. ge a; reciably at the melting tDoint, as

would certainly ;-e- exp~ected, since the -cork function detends on the

s-,-rc-ie of time =Ital;, aiy3 it is this w;' ch chamages at, the melting

voint. if the wt-k ft :-ticn did change, the available electron

emssion -xau1l', srdent3L, .Ze at the moinnt te tngsten melted,

a:-,A this together ih thea incrazied ion emnission to provilde sp~ace-

c!7-arge neatralILL.Aion muld _ fit the 095 er-ie". results. Motre work on

A. s asinecQt C. the eMASSion is necessary in order to Drovide a better

u-A~er, tand:-.rg 3f the ipme>esses that occur.

02-irrents of Figure 21 were cbtained with am anode potential of

onl~y 25 ) -l±, s An a4.te-Dt uo increase tediode current under these



conditions by increasing the anode voltage led to the current curves

of Figure 22. Here the vertical scale is 2 a/div compared with

0.2 a/div for Figure 21b, c. As can be seen from Figure 22b, c, the

current rises to a large value at a time in the pulse that depends on

the anode voltage. The voltage across the tube does not fall to a

smail value immediately a.th this current jump., but slowly decreases

as the current increases. About 100 I s after the peak current has

been reached and thereafter, the voltage across the tube is small

and the current is determined only by the circuit resistance and

capacitance. This is a gas breakdown process which is probably due

to the evaporation of tungsten in the form of neutral atoms and ions

from the cathode surface. After the initial breakdo-in the large

power dissipation at the anode should produce intense surface heating,

wnhich would evaporate material from the anode and could contribute

to the formation of an arc. The repeatability of these results, which

can be seen in Figure 22a, is quite remarkable.

These results are interesting in that an arc was formed in the

diode in a controlled and repeatable manner. More work is required

to determine whether the =ocess is entirely dependent on the cathode

or whether the anode plays a part in the process. This may be of use

in certain switching applications. It may also prove interesting

to investigate the extremely high-densdty plasma that must exist in

this arc. If we as.sume no spreading of the beam from the initial

0.005 in. diameter, then the electron plasma frequency at 750 v is

7 x 1012 cps. Even an order of magnitude less than this would be
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700 Ge/s. Present interest in the generation of millimeter and

submillimeter waves may make further investit-ation of this plasma arc

worth while.

C. STY MRY OF CHARACTFRISTICS OF DIMDE EMISSION

When the cathode was irradiated with sufficient laser energy to

bring the irradiated spot close to the melting point of tungsten,

repeatable current pulses of up to h5O a/cm2 were obtained. Increasing

the laser energy lead to higher current densities that were not

repeatable; then increasing the voltage lead to breakdown above 500v

anode potential Yrith the current limited only by the circuit resistance

and capacitance. This breakdown could, however, be initiated in a

well-ccntrolled manner.

Langmuir and Jones 9 data on tungsten is available for temperature

up to 3,6550 C. At this temperature the electron emission is 480 a/cm ,

and the atom emission is 2.28 x l0 - 4 gm/cm2 /sec. This atom emission

corresponds to about 10 cm/sec., and since the ribbon is 10-3 cm

thick the maximum lifetime would be 100 sec. There is evaporation

from both sides cf the ribbon, however which would certainly be

greater from the irradiated side than the emission side. A lifetime

of 10 sec would therefore be expected. With a duty ratio of 0.001,

this would be increased to about three hours, which is very short,

in terms of the lifetime of useful devices. It should not be too

difficult to move the ribbon peri'dically, however, exposing a new

portion of the ribbon to the laser beam at regular intervals. In
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this way the lifetime could be made very much longer. A length of

about 20 cm of ribbon would give a lifetime of 30,000 hr. In a device

that required a very high current density beam, this anproach of

using a laser-irradiated cathode could be very worth thile in spite

of the necessity of moving the ribbon periodically.

No attempt was made to determine the lifetime of the ribbon

experimentally, since the figure of 10 sec corresponds to 105 pulses.

Checking this in a reasonable length of time would have required a

laser that could be pulsed at rates from several pulses per second to

several tens of pulses per second. Although lasers that can be

pulsed at these rates have been produced, the laser available for

these experiments could be pulsed at a maximum rate of only several

pulses per minute.
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IV. FORMATION OF ING BUMIS

Since repeatable electron emission of up to about 4!50 a/cm
2

had been obtained with the diode, two simple beam testers were

designed to show that high current density long beams could be

produced. These are shown schematically in Figure 23. Beam tester

A consisted of a tungsten ribbon cathode (as used for the diode)

spaced 0.005 in. from a molybdenum anode. This anode was 0.02 in.

thick and had a hole in it of the form shown in the figure. The

diameter of this hole on the side facing the cathode was 0.005 in.

A collector was placed behind the anode.

This simple gun produced a small-diameter beam from which

information was obtained on the fraction of the beam that passed

through the anode aperture to the collector and the fraction inter-

cepted by the anode. No information could be obtained, hoever,

about the behavior of the beam after it passed through the anode.

Beam tester B was therefore built to show that the high current

density beam could be passed through a tube that had a reasonable

length-to-diameter ratio. The cathode-to-anode spacing for this tube

was again 0.005 in. and the internal diameter of the anode drift

tube was 0.01 in. This tube was in fact a stainless steel hypodermic

needle brazed into a stainless steel block. The length of the tube

was 0.15 in. giving a length-to-diameter ratio of 15. When the beam

had passed through the drift tube it was collected with the same

collector used for beam tester A.
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The laser beam targets for the two beam testers is shown in

Figure 24. The target was viewed through the glass port through

which the laser beam enters the vacuum system. As Figure 24 shows,

the cathode ribbon covers the anode aperture in each case. There

was therefore a slight problem in irradiating the cathode so that the

irradiated area and the center of the anode aperture coincided. Two

slightly different techniques were used.

For beam tester A the position at which the laser beam would

strike the target was adjusted by eye. This was done by shining a

light on the end of the laser housing and crystal so that an image

could be seen on the cathode ribbon. The center of this image was

made to coincide with the target as closely as could be estimated by

using the telescope micrometers. This set the laser beam within a

few thousandths of an inch of the required position. The laser was

then fired with the voltages applied to the tube. Some of the beam

passed through the anode to the collector and some was intercepted

by the anode. The laser beam was moved systematically about this

position until the position of minimum interception of the beam by

the anode was found. Once this position had been found, the tube was

pulsed with the ragnetic field applied, and most of the emitted

current passed through the anode to the collector.

For beam tester B the technique was the same, except that when

the tube was pulsed with no magnetic field applied, none of the

current passed through the tube to the collector. The 0.01 in.

diameter of the tube, which served both as anode and drift tube,
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Figure 24. View ar Laser Beaz Targets.



was large compared with the anode-to--cathode spacing of 0.005 in.,

so that the electric field at the cathode was smaller opposite the

center of the tube than opposite the edges of the tube. As the laser

beam was moved about the cathode in small steps, the current pulse

decreased when the irradiated spot moved towards the center of the

tube. The central position was therefore found by finding the position

of minimum cathode current with no magnetic field applied. When this

position had been found, the laser was fired with the magnetic field

pulse applied to the tube and most of the emitted current then passed

through the drift tube to the collector.

Figure 25 shows the maximum current pulse obtained without break-

down for beam tester A. The peak emission current was 60 ma of which

50 ma passed through the anode to the collector, the remaining 10 ma

being intercepted by the anode. The beam transmission through the

anode was therefore 85 per cent. This carrent pulse was obtained

with a 500-v anode voltage and therefore the maximum beam perveance

was 4.5 x lO-6 . This perveance is appreciably higher than the

perveance of beams used in most microwave device applications. The

current pulse shown in Figure 25 is somewhat jagged. This was found

to be due to misalignment of the telescope, which resulted in some

of the laser spikes being transmitted by the optical system with

less attenuation than others. The effect of these spikes was thus

enhanced and the temperature fluctuations at the cathode were

increased, producing the jagged emission pulse. As a resailt of this,

the method discussed in Section II for aligning the system was developed.
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Figure 26 shows the result of increasing the laser energy in an attempt

to obtain more emission. The current suddenly increased after it had

reached 50 ma. This result is exactly the same as was observed for

the diode when the laser energy was increased above the level that

gave 45 ma oeak current. As suggested in Section III on diode

experiments, this sudden increase in current probably coincided with

the melting of the emitting area.

Figure 27 shows the variation of anode and collector currents

vith anode voltage. There is an approximately three-halves-power

variation of current with voltage up to 200 v on the anode above which

there is little increase of current wdth voltage. Under space-charge-

limited conditions there are virtually no current fluctuations

resulting from temperature fluctuations at the cathode. As the anode

voltage is increased and the emission becomes temperature limited, the

current fluctuations increase in magnitude.

Figure 28 shows typical anode and collector current pulses

obtained with beam tester B. The peak current passing through the

drift tube was 30 ma with only 2 ma to the drift tube. This corresponds

to a beam transmission through the drift tube of 94 per cent. The

anode voltage was 600 v and therefore the beam Derveance was 2.0 x 10- 6 .

If uniform current density in the beam and a diameter ratio of 2 is

assumed between drift tube and beam, then Equation (26) shows that

the outer edge of the beam would be a potential 4.4 percent or 26 v

below that of the drift tube and that the axial electrons would be at

a potential 1.6 per cent or 9.6 v below the potential of the outer
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eleptrons, The Bril ±il fiel for this bean Was tberef ore -4,680 gauss 4

o. } Ten t! magnetic fj-.£iJ was pn_"sed at the Bri-Umiln value, most

of tbe currentTI W intercepted, py the tvq serv a. both anode

.od drift tube, and 'nly 10, per cent wazs Irlnsitd &tle collector*

j 2 the magnetic field was increased , to.ce the B llouin field, 1

, -high transmission shown in_ Figare 28 - .s obtained.

Inc.-a r Itfthe magnetic f-ild t IWer aiezhe rBn.llouin field, that

is to gzas ) s, resulted ir- no f-!rter ihaq, in beam cureut or

From Equa3 '18) 6i:d. (22) Y: fi.nd that lirih B z  Jin

k ther raX /7, r ^0 3.0. The mean diameter

of the scalloping bear. , :he rejr- be .oX in., which was the

diameter of the drift tube, and the maximum Liameter of the beam

would be 0.015 in,- This fits in well with the fact that most of the

current was intercepted by the drift tube under these conditions.

Increasing the magnetic field to 2BB gives r max /r mi 112;

therefore the mximum diamter of the beam would be about 0.0055 in.

This again fits the experimental data that under these conditions the

interception of the beam by the drift tube was small. hu'ther increase

in the magnetic field reduces the scallop ratio and therefore should

affect the interception only slightlyyif at all. From this it can be

seen that the behavior of the beam was as predicted theoretically

and that the required focusing field was about 10,000 gauss.

The effect of increasing the laser energy above the value which

Sgave the pulse of Figure 28 is sho m in Figure 29. The beam current

-129-



() V

E
0

E
0

100 MLs/div
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increased but at som Uim during the pulse there was a sudden increase C

in the collector current and an equal and opposite change in the

collector current. (These changes appear separated by 30 us in

Figure 29 but this is due to one of the traces being displaced ith

respect to the other). These discontinuities are due to a gas

discharge in the region between these two electrodes. A discharge of

the Penning type is likely to form fairly readily in this region

becausa of the strong axial magnetic field and the high current den.sity

in the main electron beam.

i

It



V. CONCLUSIONS AND RECOMMENDATIONS

The aim of this work was the investigation of indirect emission

from a laser-irradiated tungsten cathode, since it was thought that

this would- give much smoother current pulses than those given by

direct emission. This has been found to be the case. Smooth

repeatable current pulses of up to 450 a/cm2 have been obtained from

such a cathode and it is thought that these repeatable current pulses

were emitted by the cathode when the temperature of the emitting

surface was belov the melting point of tungsten. The high current

density emission obtained when the laser energy was increased above

the value that gave the repeatable results has not been studied in

any detail, mainly because breakdown occurred very readily under these

conditions. Two beams were formed using indirect emission from a

laser cathode. These beams, which were focused by a pulsed magnetic

field, had current densities up to the repeatable value of 450 a/cm2

and were of high perveance. High current density beams produced in

this way may find application in the generation of millimeter wraves.

This study af indirect emission from a laser cathode is part of

a larger study of the feasibility of producing high current density

electron beams by irradiating metals with a laser beam. As pointed

out in the introduction, the laser pulse used for the experiments

consisted of about 100 separate spikes and indirect emission was used

to average out the effect of these separate spikes. Laser puises can

now be produced, however, which consist of a single spike instead of.

-132-



a train of spikes. Pulses of this kind were produced using the

technique of Q spoiling. These pulses can be produced -with repeatable

amplitude and length and therefore may produce re:eatable electron

emission of very high intensity directly from the irradiated surface.

If this proved to be the case, then the beams produced may be more

useful than those produced by indirect emission. The next step in

this program will therefore be a study of electron emission from metal

surfaces when irradiated by the single pulses from a Q-spoiled ruby

laser. When this stage of the program has been completed, it will

be possible to make a comparison of the relative merits of the beams

produced by each method and therefore to decide which is the best

for a particular device application.
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APPENDIX A, 11AGNETIC-FIELD FOCUSING OF LONG ELECTRON BEANS

In order to focus the high current density beams produced by

emission from a laser cathode, it is necessary to use a strong

magnetic field. Two principal methods for focusing a beam using a

magnetic field are Brillouin focusing and confined focusing.

When using Brillouin focusing the beam is injected from a

field-free region into the focusing field. For confined focusing

the gun is immersed in the focusing field. Each method has its

advantages.

1. BRILLOUIN FOCUSING

Consider a beam of uniform current density vith no angular

variation of field or beam parameters. This beam is injected from

a cathode at which the magnetic field is Bo into a region in which

the magnetic field is Bz .

The Lorentz force equation for an electron a distance r from

the axis is

r - r - /(E r + B zr @) (3)

where N is the charge-to-mass ratio for an electron, 9 is the

angular rotation frequency for the electron, and Er is the radial

electric field at a radius r. From Busch's theorem,

21 2 2
r - (Bz r 2 B r ) (4)

2 z o
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r being the distance of the electron from the axis at the cathode.
0

The radial electric field inside a beam of radius r. and current I
0 0

is given by Gausss theorem:

I0 r

I-o o

The current density in the beam and the axial electron velocity U
0

are assumed to be uniform. The equation of motion for an electron

at r is therefore

r =i r~b

where o 0 12)B, the Larmor frequency at the cathode and : = I21Bz

the Larmor frequency at the electron. From this it can be seen that

r is a minimum for fixed values of the other parameters when co is

zero, that is when there is no magnetic field at the cathode. This

condition leads to the most efficient use of the magnetic field and

will therefore be assumed in the folloi-ring analysis.
tt

If r is set equal to zero for all electrons, than for nonscalloping

beam to be produced, one condition required is

2 IIo
-

1-2

L 2n(O U-o r-



and therefore

2 210 2
z2 B

Z Tll OUAr

The value of the magnetic field that satisfies this condition is

called the Brillouin field and is denoted B as indicated. A second

-condition on the formation of a nonscalloping beam is that the beam

be injected from the cathode region into the uniform field region

such that at the equilibrium radius the radial velocity r is zerop

that is, so that r = 0 when r = 0. The injection conditions are

therefore important in the formation of a nonscalloping beam.

For an equilibrium beam we have from Equations (5) and (6),

E r 2

r ar 4 b

Integrating this gives

2
V a + r

where Va is the potential on the beam axis. Now

'2
(Z) + (rQ)2 -2 V

but from Equation (2), when
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c 0 9
0C

then

2 2V + r2 2 2.2
(Z) 2 V r co a o

Therefore

and all electrons have the same longitudinal velocity u0 corresponding

to the potential on the beam axis. This justifies our earlier

assumption of a single velocity. Putting the value for u0 in Equation

(7) we finally obtain

2 ' 1o

B 7t 3 2CV1/2 b2BB = 3 a/2boa 2 9

A beam which sntisfies Equation (7) and has been injected so that

= 0 -Ahen r'= 0 is therefore one which does not scallop and in

which all the electrons have the sa'mie longitudinal velocity u o and

the same rotation frequency c. Such a beam is called a Brillouin

beam.

2. COFINED .,-f0

Consider now the case where the cathode is tmrersed in a urifor4

field Bz, so that B= Bz . Then from Equation (6) with co = co
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2 r )
.. 42 B, o_

From this, the equilibrium condition for an electron, by putting

f'= 0, is

where r' is the equilibrium radius for this electron. From Gaussis

theorem,

r

r - i I -(r) 2xrdrr 2nf r
o o

where cr (r) is the charge density in- the beam which my vary with r.

Also

0(r) =  J(r)
u(r)

where J(r) is the current density and u(r) is the electron velocity;

therefoxe

r

J(r) 2nrdr (12)
r 2rC J u(r)

0 f 0



In the analysis of Bri-icuin fl1ow it was assumed that the bean

was of uniform current density and singl %#oiy ota i a

ui-torm charge density. It- was then sb-,v that und~er conditions of

Brillonin flowr these as iztions were valid.toodea

T For ~confined Flow hawevor., it is notpsilto ouca

single-velocity beamm. 'The slngle-velocity bear o 3r1.llomin f lcu' is

due to the co--ined effects of spa-ce-chazge dopression and beam

rotation. The uotential increases away from the center Of the beam.,

but this increase in potential is exactly compensated for by mn equ-alI

increase in rotational energy for A1-1 alectron3zm, so tbat, the

longitud-nal energy remims constant. Fer confined flow there is

less rotation of this beam., and the axial electrons tzrael wre slowly

than the cuter electrons by an anount that depeds on' the potential

denression.

Therefcre an effective electron velocity u C(r) can be defined bjy

j ~jy 2xrdr

f J(r) 2=~dr (3

0

and

u. (r) - (21.%(r))~(il

NOW

fJ(r) 2nrdr I (r)

0
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irne-e 1(r) is t-ke c~re-t '-ihi a radius r. Cobi nin7 Equations

(!I)-.(2) and (l3)giver-

i(r) ((5)
r 2n 1 Cu(r)r 2vCrV5n T

0 e

Eaation (10) then

(rr

xcEp3/2 2V/2r2 (
01 z e

Equation (16) then becom-s

(r 2)Ir l -i0

for which~ the solution is

r [k2 + 1)+ k/2

For usable electron beams r/r 1- is required; tvhrefcre, k --''1, so
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We are essenti ally concerned with determining the shape of the beam
I

enveloDe. Let rb be the equilibrium radius of the beam and rbo theI

radius of the beam at the cathode; therefore from EquatiGns (17) and

(18)

rbo ( +,,o (19)
b rbo T - 3 /2 B2 V 21 0

As B increases for a given cathode current density and beam voltage,
z

tends to rb , that is with increasing magnetic field the electrons

are constrained more and more to remain at the radius at which they

4 left the cathode.

Now consider the ripple on the beam. Let
IA

(1+ 6(t)
rb = rb

From Equations (10) and (11)

4 4
[0 2Itrb, rbo 1

therefore

rb2 rbor
rb r' rb2 +b 1

b L 3Sr
b  (1+ 6 r)3

(20)
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Now

00 d26
b, b dt 2

and if 6 is assumed smna, I/(l + 6)3 can be expanded in Equation

(20) to obtain

d 2 2r b

The so?'ution to this equation is

6 = C1 cos ca t + C2 sin aQt,

where (-1/2rbo ]
[ 1+3

rb J

At the cathode t O, rb . and cx5/dt 0; therefore,

Srb -ro
bo Cos ( %t)

rb

and

rb = rb + (rb - rbo) cos (d 0a1t)
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The electron beam env,,elope is therefore given by

r (Z) - ) c'
brb + (rb rbO~o (

where u~ is the velocity of the electrons. This beam envelope is

shown in Figure 30.

UNIFORM MAGNETIC FIELD, BZ

CATHODE ror

Figure 30. Beam Envelope for Uniform Field Confined Flow.

The minimum beam diamet~r is rbo andi the Daximu-n diameter is

2 rb - rbo; from Equation (21) therefore,

r
max

min

* In order to compare this focusing with the Bril-louin focusing

discussed, express k in terms of B B
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With the beam radius rb equal to that of the Briflouin beam, rB,

with the effective beam voltage Ve, equal to the voltage on the axis

of the Brillouin beam, one obtains

r- 1 +. (22)
r 2 Iz

If- in

Equation (22) B 2B , then rma/r. 1.12. A magnetic field

with double the Brillouin field strength therefore gives a beam

with only 32 per cent scallop and a mean diameter only 6 per cent

greater than the diameter at the cathode.

It is now possible to compare the two methods of focusing.

Brillouin focusing gives a single-velocity beam with zero scallop

and requires the minimum magnetic field to focus a given beam. It

is necessary, however, to shield the cathode from the magnetic field

and to design the gun so that the beam is injected into the magnetic

field with ths appropriate radius. Confined focusing produces a

beam in which the axial electrons travel more slowly than the outer

electrons and in which there is always some scalloping. A confined

flow gun can be extremely simple, however, since there is no problem

of injecting the beam into the magnetic field, and by increasing the
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field to only double the Brillouin value, an acceptable scallop ratio

is obtained. A further important point is that for confined flow

the stronger the magnetic field the better the focusing, and therefore

the value of the magnetic field is not critical. For Brillouin flow

on the other hand, the value of the magnetic field is critical. If 1
the field is increased above the Brillouin value with the same

injection conditions, these injection conditions will be unsuitable

and the beam may scallop more than a confined flow beam with the same

magnetic field. Also for Brillouin focusing, when B is greater than

BB, the outer electrons travel more slowly than those on the beam

axis and in an extreme case these electrons can stop altogether and

turn back. For these reasons and because very strong magnetic fields

generated on a pulsed basis were available, confined-flow focusing

was adopted. This allowed the use of a very simple gun with which

beams with a wide range of currents and voltages could be readily

focused. Putting some numerical values into Equation (9) gives

=8.3x 10-4 (23)

a

and

1/3 1/6

B B 8.3 x 10- 4  (2)B r

where the perveance p is defined by

I

-1V3 4
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The -total current I is simply given by
0

Io (25)

where J is the current density.

Equations (23), (24) and (25) are plotted in Figure 31 for a

value of r - 0.0025 in.- Equation (23) is plotted fcr several values

of V and Equation (24) is plotted for several values of p.
a

For a confined-flow bean in an infinite magnetic field, the

maximum theoretical perveance is 32.5 x 10-6 . When this perveance

is reached, the potential on the beam axis reaches an unstable value

at 'which it drops abruptly to zero. The p - 32.5 x 10-6 line of

Figure 31 therefore represents the maximum value that can be achieved

theoretically. In practice for a solid beam it would not be desirable

to use a perveance much greater than about 5 because of the velocity

spread in the beam. The repeatable current densities achieved with

indirect emission were about 450 a/cm 2 corresponding to a current of

50 ma. At perveance 5 x 10- 6 the Brillouin field for this beam is

6,000 gauss and therefore a field of twice this strength is 12,000

gauss. With a pulsed magnet, a field of 70 kgauss was easily produced

so there was no problem in focusing this beam. With this magnetic

field and beam radius and a perveance value of 5 x 10- 6 , it should

be possible to focus a beam of 7 a at 10 kv. The current density in

4this beam would be 6 x 10 a/cm2 . Current densities approaching this

value have been obtained using direct emission. Such a beam, if it
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could be achieved, would have a pxwer of 70 kir and would therefore

be extr ely useful in gener-ating i ter waves at high powers.

]ruation (23) shcew tzt for constant !ltage, % is proaotional

t e square root of the be= c-rent de -s-ty. By increasing the

bean dia=eter therefore, even larger currents could be focused using

this mag et field. These figures illustrate clearly tbat using a

ruosed n rUtic field of 70 k gauss it should be possible to focus

beazs with carrat deiav-sies °xery much larger than have been achieved

using indirect emission and larger even than those which have been

achieved using direct emission.

3- ±UN-TIAL DEP-MMO-4 RISUTIG FR10- SPACE CARGE

For a cylindrical beam of uniform current density J and radius

ra traveling through a metal cylinder of radius r0 at a potential

V0 the potential on a diameter is of the form shown in Figure 32.

It can readily be shown t1at outside the beam, the potential is

given by

r 0 1/2 0 l r

2n(-) °

and inside the beam the potential is given by

Vr= Vo 1 pV
1/2

M 0
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VO- 1_ .!z

o0 2=(2q/=)'V E0

For 063 tasrer B cc the b(e/r 2; tber-fore

671  hi
- -3.16 x ID Dog 2=2.9 x20 -a (26)

V0

6'2 ~ j = .6xD0 7 9 x h- (27)

In this case therefore the uotential depression from the wals of

the tuibe to the beam was nearl1y tbree times the denression inside

of the bean.

Fron Table I it can be seen that a beim of perveance 5 has

only a 4 per cent change of voltage from the axis to the outer edge.

Corresponding to this voltage range there would be a 2 per cent

spread in velocities. The potential at the outer edge of such a
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be= w-,r1! -ce 11 . c.±' belcw te.o the drit1. tcr.. Ifth a

bzlGx bem. the velccity s-read fcr a giTe 7al=* c, perwes cm

--a~iezb~ Th -eteeU21 dzc fr-,O the &Ift 14. to

t - ear ca also be =ae s~pY'-11 by kne;!rd the loom dos, to th.

Z x 619/7 x 3.0
3.0 67, 2W N a~

1 2.19 .79 2.96

5 10o.8 h.0 214.8

10 21.9 1.9 29.8

30 65-7 23.7 89.4



3. A3SCEMIG CF MO TN-KI. A S417AC

Mae oplAcal 1=ooerties of a metal of Inteet ares

a. Mhe fX3C"QiC Of thS lig#. ]I bt a sed, 1-R, R

is the ref ectiia oefficie:3t 2M is a fmtcn of the 2=010 of

incidene, the poaieauon of the light, amd tbe frequecy c.

b. MT-e Crcestcabsz-rticn de:Abi or skizi eenth": 6 in

-mbic the alli-,onantic: rie~ds fal- to :-/e of -rbei= zahee~t

:interfrace.

c. The rbstoelectric curren exmected for a given raAiaticn

intensity.

proper-tjes a and b, which are reeatto the heatixg of tlhe surface

and hrzoi emissien ---e the main topics dealtAl with in this

seto, and onl-y a few cemeeets relevant to photoelecti irn

are mde.

In the =nel, elementary treat~ent of the optical properties of

a metal, a zmCrosconic nodel -is usd2 1 .11 The-, electrompgetic

radiation is considered incident on an iso-troipic medium characterized

by a co~lex refractive index .31, or by ihat is equivalent, a oiplex

dielectric constant C, then

H=n +ik

and

C=ET +iE'
- 1 2



*hee n is the real refractive index, k is The extinction coefficient,

and CE is the real and fC the imaginary part of the comblex dielectric
1 2

constant. The p'oagzation in the medium of a plane electromagnetic

wave of frequency a and azUtade E is described by:

ErEe e
0

iW t -X
Z 0 e (28)

* 0

The skin deDth and reflection coefficient are related to n and k as

' fcilcws:

S6-(29)

2 2

R= (n+l)+k (30)

Equation (29) follows directly from Equation (28) and Equation (30)

is obtained from the condition of continuity of the tangentialI

component of E awd the normal component of H at the vacuum-metal

interface. By applying Maxwell's equations to the metal, n and k

can be related to the macroscopic properties of the metal; that is,

to To' the d-c electrical conductivity, t' the magnetic susceptibility

(which is taken to be one for nonmagnetic materials), and E the

-153-



dielectric constant. This gives

Cl + i C2 - (n2 - k2) + i2nk = tL E + i cro
1 2 COE0

Equating real and imaginary parts gives

n2 _k2

=2nk - -
2wC

For frequencies for which this approximation is valid and for metallic

conductivities,

and therefore

1/2
n-k 2coC 0

1 1

o o

2-iE
0



These are the classical relationships found to be valid for metals

for wavelengths up to 10- cm, that is up to the far infrared.

If they are applied to tungsten at about room tmnperature for the

radiation from a ruby laser, the following values are obtaineds

n - k 20.h

6 54. A°

R 0.9

The radiation, of which 90 per cent is reflected, is absorbed in a

depth of 54.5 0 A; that is 9 a few tens of atomic layers; amd the

wavelength in the metal is 3500 A compared with ?,000 A for free space.

These values for tungsten have previously been used to calculate

the thermal response of the metal to laser irradiation and fortunately

are of the right order of magnitude, although the theory is not valid

at this high frequency. In order to see why the theory is not valid

it is necessary to consider the microscopic model of a metal and the

processes involved in the interaction of radiation with the metal.

The metal consists of a regular array of atomic cores; which

are the atomic nuclei with their inner electron shells. One or more

of the electrons of the outer shells of each atom are virtually free

to move through the metal and fon an electron "gas." By neglecting

the interaction of these electrons with each other and considering

the electrons to be in states described by wave functions that have
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the space periodicity of the lattice (Bloch waves), each electronic

state can be characterized by a wave vector k. In the periodic

potential of the lattice., it is found that only certain energy bands

are avaiable to the electrons, and between are energy gaps or

forbiddae bands. Electronic wave functions with the reriodicity of

the lattice are not scattered -by -attice centers in their eouil-briuM

positions and therefcre energy cannot be transferred frcm the laltice

to the electrons or vice versa. It is only ihen the lattice centers

are disturbed from their equilibrium position that they can scatter

electrons, md they are disturbed from equi3dibrium only when excited

into one of the quantized oscillator states. The electrons therefore

interact only with the excitations of the lattice, these excitations

being called phonons. When an electron interacts with a phonon there

is a transfer energy h V either from phonon to electron or vict. versa;

electrons cannot make elastic collisions with phonons. We now consider

the interactions of quantized radiation, i.e., photons, with the

electron-phonon system.

When a photon and electron *collide," the electron is excited

-to a higher energy state in a quantum jump and the photon is annihilated

only if empty states are available at the appropriate level into which

the electron can be excited. Another condition on this excitation is

that, in the so-called reduced k space, k - k , or in other words,

Ak = 0. This is an expression of the conservation of momentum (the

momentum of the photon is negligible compared with that of the electron)

and restricts the electrons to jumping only between states in different
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bands with the same value of wave vector.

For a si=le photon-electron collision therefore, only interband

! excitations are alowed; intraband excitations, that is excitations

between states in the same band, are forbidden. For a system in which

the bands do not overlap or for which there is a gap between the

highest occupied level in one band and the lowest unoccupied level in

the next band, there must be a threshold frequency for this prcctzs.

This is in fact the c, se for all metals. In order to explain absorption

of radiation at low frequencies, therefore, we need to look at another

L process, that of the simultareous interaction of a photon, an electron,

and a phonon. In this interaction, momentum is conserved without the

restriction Ak = 0, so that intraband transitions are possible if

appropriate electronic states are available into which the electrons

can be excited. Simultaneous interaction of a photon and an electron

•* with the surface potential barrier also allows intraband excitations.

gaving been excited, an electron may, if it has gain sufficient energy

and is close to the surface, escape from the metal. This is the

photoelectric effect. All other excited electrons urdergo interactions

with the phonons giving up their energy to the lattice until the

electron and phonon gases are in thermal equilibrium. Another possible

process is the collision of the excited electrons with other electrons

ith the transfer of a much larger fraction of their excitation energy

per collision than for collisions with phonons. Electrons close to

the Fermi surface can only exchange energy with a few other electrons

which are also close to this surface and therefore in general (for

* example at low frequencies and especially for d-c conductivity
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calculations) the electron-electron mean-free paths are long compared

with electron-phonon mean-free paths. However an electron in a highly

excited state can interact with many other electrons, since it can

raise these above the Fermi level in a collision, that is to an energy

region where there are many unoccupied states. Hence the mean-free

path for highly excited electrons is very much less than for electrons

near the Fermi surface, and electron-electron collisions become an

important process of energy exchange for these electrons. It is

possible that electron-electron collisions are more powerful in

preventing highly excited electrons from escaping from inside the

metal near the surface than the electron - phonon collisions, thich

are nearly elastic.

Two other possible processes are of interest.

1. The interaction of two photons simultaneously with an electron

and either a phonon or the potential barrier at the surface; this

would make possible photoelectric emission for incident frequencies

lower than the normal photoelectric threshold, so long as the frequency

was more than half the normal threshold value.

2. Interaction of a photon and a phonon with an electron that

had been excited to a higher level and had not undergone sufficient

collisions to return it to an equilibrium state. This could influence

photoelectric emission as in process 1.

The probability of process 1 taking place is proportional to

the square of the incident phonon flux or the square of the radiation

intensity and is therefore possibly of interest in the radiation
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intensities achievable with a pulsed ruby laser. Process 2 is also

proportional to the square of the incident photon flux. In the very

high temperatures produced by laser irradiation, there may also be

sufficient high-energy electrons on the tail of the Fermi distributio

to give appreciable photoelectric emission. Under the conditions of

high temperature created by laser irradiation, it is difficult to

see how photoelectric and thermionic emission coull be differentiated

experimentally.

In order to calculate the optical properties of a metal it is

necessary to calculate the probability of the various possible processes

described above using simplified models. For the relatively simple

alkali metals of the noble metals which do not have the Fermi surface

-in an overlapping band structure, much of this has been done and good

experimental agreement has been achieved. For other wetals, however,

most of which have an overlapping band structure (as does tungsten),

the problem is even more complex and had not been solved.

Although the full quantum mechanical problem has not been

solved, a useful method is the semi-classical approach. In its

simplest form, this gives good agreement with theory for the noble

and alkali metals, but not for more complex metals. By extending

it in a somewhat empirical way, however, the model used can be made

to fit these other metals.

Following Drude 12 the electrons in the metal are assumed to

be free and to have a mean collision time r with the lattice. The

electrons are accelerated in the incident electromagnetic field
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and give up the energy they ha-.e gained in colliding 'ith the lattice.

The equation of m3ton is

If E demends on the time as e t', a solution of this is

eE

rn (iza+fl

Hence the current density is

ne2  Co

The first term is the conduction current, the second the displacement

current; therefore

a-o

!+ 7

and,

4nr -

0

l~-16o-



Therefore fcr

indicatirg that the classical theory gixen ear-1-_er is valid.

In order to =ake this model fit the exuerimental values w: the

measured optical properties far tungsten and nickel over the wavelength
13

range 0.365 p to 2.65 p Roberts, folowing Drude, assumed not just

one class of free electrons but two, each with a different relaxation

time. This is a sonewhat ezz-irical extension of the theory and Roberts

does nnt attempt to fit the second group of electro s to any excitation

process in the metal. The first group having the longest relaxation

time, are mainly responsible for the d-c and low-frequency

conductivity of the metal; the second group, having a relaxation time

more than an order of magnitude less than the first group, make

significant contribution to the conductivity only at high frequencies

(infrared and optical). Perhaps the 3hort relaxation time of the

second group of electrons is due to electron-electron collisions,

which become important only for highly excited electrons and therefore

for high frequencies. For these highly excited electrons the mn-n-

free path should be of the order of the interatomic spacing 14, which

is of an order of magnitude that agrees with Robert's data.

2. EXPERMIEAL DATA

Since we are concerned with the reflection and absorption of
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raelfatica at a s-mface, the ca!,c.-G at the -~face =-e, fr-= t"-

eio ntal -, pin' of -.ieu'ry - M-t7b= care 'l-;e ----.--ts

can be m--.e deeit cm t s!-Taze th o the bm-]k metal. A

poIshzed zrfacex for exmrie, has bp--= sb== to cist cT a laer

of raeila fear Angst=c mmts -thick belmv!Ac is a

-Jcroecrys7elaIIrg 2ayer tbat, can bo tp to se->'~ b ra

iMi:ts tbiCk; tt is., tbdCk-er than t~E- skin de~th. The Iack Of re

in the a==rtous Ilayer and the =qysl b i1aries in the zro-

crystallie layer profcundly affect the ovtical traprties.

The -ws't i==rtat data a--a-:1 -b3e for trgenis t2at- of

Roberits -Who used tungsten, recryjstallized by heating in a va=

andi then cbe--=ica'1'y etched. 37rom Rebertss data, plottood in the fo-rn

of curx'es of the real and i~aginary part of the dielectric ccn-Sanat

obtained by wasuring tlxe reflection coefficient as a function of

angle of incidence for liEit polarized perpendicular and parallel

to the surface,

k -kik*

lip n - i

therefore

kt =n 2 k2

k -2nk C
2

From these are obtained
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kC 1 101

=2 k52 + IN

k

k' =6

Sk-25

V!Ach Vary litt"Le -Iithi Dte arare ove. _--de ~s~drange. PFroz

these are obteaiied

n - h.o k = 3.1

6 = 360 A

_q - 0.56 I - R = O.Wh

Therefore b1 per cent of the incident radiation is absorbed in a

layer of depth 360 1, and the wavelength in the retal is 0.17 ti

comDared with a free-space wavelength of 0.7Ti.
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It is rtertbz -a fcr 21Ebt P012zized psm Te to the mlan

of.P ini.ce st mdes not occm- at ncz l eac

bat e.se oh- amg~e $ called the ami~ g~e cf iee

S -
P 1 2

2 2

V-ere R is the reflection coarficien. at t~ cie an"g1 o.!

i.Lcioence Farugse these gire

.= Wo

R = 0.3p

1(.-R) = 0-7

Fcr !ane plarized ligbt incident- on a tungsten surface at- the

principal angle of incidence of 850, the absorption coefficient is

therefore 0.7. This is signdficantly higher than the absorption

coefficient for normal incidence.
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PFMOn C. 0~uAIg OF LAS:,R Fo-nJkr"!ES

The energ rquired to melt a O.005 in. diameter region of the

O.095 in. dick tmungsten ribbon is 2.5 m11lijoules. Assuming an

azsorbtion coefficient of 46 per cent, gives a required incident
i enerz of 5-5 "iijounles- -is figure is a factor of I less than

was available frm the laser used for the experiments. In any

appliceation it wauld be desirable to use a laser that gave the required

energy with maxyiim efficiency. This would involve working wel
above threshold, therefore a small ruby crystal of approximately one

thousandth the volure or the present laser would be required; that

is, a crystal with a length of 0.6 in. long and a diameter of

0.025 in. if -the present crystal were scaled by a factor of ten on
' la dim nsions. The reduction would increase t4 surface-to-volume

ratio by a factor of ten, thus easing the cooling problem. If this

s=ll laser could be made to have the same efficiency as the present

laser, the required energy into the pumping lamp would be about 1.6

joules per pulse. If the laser were operated at 50 pulses per

second, the average lamp power would be about 80 w. It should there-

fore be possible to design a small compact laser head and poaer

supply to satisfy these requirements. The estimated crystal size

16
quoted above is close to that used by Nelson and Boyle to produce

a continuous ruby laser. So far ruby laser design has mainly been

aimed at producing more powerful and efficient lasers. The design of

a low-energy laser would provide an interesting departure from this

*trend.
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